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ABS TRA CT
The application of a powder injection moulding process to the
production of fully sintered hardmetal components has been
studied. Salient, highly interdependent process variables
investigated include;
	
powder and binder characteristics,
mixing techniques, feedstock rheological characteristics,
mould design features, moulding parameters, debinding and
sintering parameters.
Fundamental studies were conducted to determine the effect of
powder and binder characteristics on the powder loading
capacity of feedstocks. Various methods of mixing were
investigated. The most favourable methods were identified from
the rheological response of their respective feedstocks as
determined by capillary rheometry. Thermogravimetric analyses
were used to; (a) identify binders and feedstocks essig
beneficial debinding kinetics, (b) in the study of suitable
debinding atmospheres and (c) to develop thermal debinding
profiles for selected feedstocks. A spiral mould was used to
assess the mouldability and optimum moulding parameters of
selected feedstocks. Feedstock properties and mould design
features which promoted moulding defects were identified and
solutions developed.
It was found	 that the maximum hardmetal powder loading
achievable in a given feedstock was dependent on the powder
size, size distribution and level of agglomeration. Low
viscosity binders with high dielectric permittivities were
found to promote highly loaded feedstocks. Feedstock viscosity
increased with powder concentration. This relationship was
modelled by a simple exponential power function over a narrow
range of shear and powder concentration. Compounding methods
utilising high shear melt mixing principles were found most
effective in producing low viscosity feedstocks of consistent
rheological response. Feedstock compositions of high powder
concentrations and based on single, crystalline, wax binder
systems were found to exhibit a high thermal dependence of
viscosity, high activation energies of viscous flow, a high
shear sensitivity and tended to segregate when subjected to
shear. Such propensities were found detrimental to moulding
behaviour. Spiral mould analysis revealed feedstock
compositions were sensitive to changes in thermal parameters.
Compositions based on multi-component binder systems were
found most preferential in producing defect free mouldings of
sound integrity and offered favourable debinding
characteristics. Thermal debinding of mouldings was only
completely effective by careful control of heating rates and
when performed in hydrogen rich atmospheres. The reaction
order and activation energy of the binder volatilisation was
found to be dependent on the level of binder decomposition.
Melt wicking was most effective using a hydrated magnesium
aluminium silicate substrate. Sintered engineering components
were produced by an injection moulding process with near
theoretical densities and acceptable microstructures.
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1. INTRODUCTION
The present industrial climate, characterised by rapidly
changing product requirements and intense global competition,
has placed demands on advanced technology to improve the
processing flexibility, efficiency, energy utilisation and
econmics of manufacturing methods. Manufacturers of intricate
engineering ceramic and metal components have 	 recently
developed	 a	 great interest in	 innovative	 net-shape-
manufacturing processes as a means of satisfying some of
these demands. One particular process is attracting
considerable global attention. This is the powder injection
moulding ( PIN ) process which utilises sinterable ceramic
and metal powders. The process offers a potentially cost-
effective means of mass producing complex, dense, near-net-
shape components to close dimensional	 tolerance.	 Such
attributes	 surpass	 the	 fabrication	 capabilities	 of
contemporary	 press	 and sinter	 operations	 and	 other
conventional fabrication processes.
The process is considered to be of greatest benefit to
certain categories of particulate materials, in particular
those which cannot be processed by traditional thermo-
mechanical methods and, consequently, are limited in their
methods of manufacture. These limitations are essentially
imposed	 by material properties.	 Materials which	 are
naturally hard and brittle or of relatively high melting
points	 rely	 almost exclusively on
	
powder	 metallurgy
processing	 as	 the only viable means of	 fabrication.
Hardmetals,	 cermets and ceramics are typical of	 such
materials. In particular, tungsten carbides cannot be
produced by conventional fusion metallurgy processes because
they melt incongruently. The PIM process extends the hitherto
limited processibility of these materials, offering a
processing technology relatively free of component design and
shape constraints.
It is against this background that the described research
programme was commenced. Historically the injection moulding
process originated from the metal die casting industry
wherein the technology of injecting molten metal into closed
dies to conform desired shapes evolved. Later, this moulding
concept was successfully exploited in the plastic industry 1•
The first commercial application of the powder injection
moulding process is attributed to Schwartzwalder 2,3 who, in
the early 1930's, injection moulded ceramic insulators for
spark plugs. However, it js only within the last decade that
the process has gained wide acceptance, in the ceramics
industry as a viable process " . The injection moulding of
metal powders was pioneered in the 1960's 10 but still,
todate, is considered in its infancy. This situation has
arisen primarily through ignorance of technological facts and
1
widespread misinformation, both of which are attributed to
scant dissemination of relevant technical information.
The application of the process to hardmetals has received
considerably less attention with only casual details being
disclosed 11 The objectives of this research programme are
aimed at redressing this imbalance.
Some clarification of the term and a precise description of
the material used in this study is felt necessary since in
the confusion of history the term 'hardmetal' has been used
liberally	 to cover a wide range of materials. 	 Other
synonmins,	 in particular;-	 cemented	 carbides, sintered
carbides and tungsten carbides have been used to describe
hardmetais.	 The latter description is conferred mainly
because tungsten carbide is used in approximately 90% of all
grades of hardmetal. 'Hardmetal' is a generic term used to
describe materials composed of tiny ultra-hard particles
cemented within a tough matrix metal. The dispersed phase are
generally brittle refractory carbides of the transition
metals and, traditionally, the matrix metal is from the iron
group (viii) of the periodic table. Cobalt is predo.'iii'zant2y
used for the matrix because of its outstanding wetting,
adhesive and mechanical properties. Various classes of
hardmetal exist. These are identified by the carbides used
12 The majority of hardmetais used are of a 'straightt
tungsten carbide - cobalt alloy containing carbide grains of
approximately 0.5 im in size and cobalt contents of 2 to 30%
weight. It was considered appropriate to concentrate on this
class of material as the particulate system for the research
programme. In particular, a straight grade tungsten carbide -
6% cobalt (WC- 6% Co) material, meeting the ISO K20 grade
specification, was used. This material is extensively used
in high wear and rock drilling components.
Flardmetal products are almost exclusively produced by a
simple press and sinter (die compaction) process, using
uniaxal single or double acting presses to produce compacts.
A fundamental condition required of any method of hardmetal
fabriction is the maintenance of total homogeneity 13 within
formed compacts. Slight variations in the composition or
density of compacts can result in differential shrinkage on
sintering. This ultimately affects the dimensional control
but can also cause internal cracks which have a deleterious
effect on mechanical properties. Density variations are all
too easily introduced in the die compaction process by
natural stress gradients set up by imbalances in frictional
forces. The problem is accentuated in the case of hard
brittle, hence relatively inelastic carbide powders, because
they fail to deform in the die so accommodating compaction
stresses. Consequently to achieve homogeneity in hardmetal
compacts the process is limited to the production of
components with relatively simple geometries of modest aspect
ratio's,	 0.5 being typical.
2
Complex parts are traditionally machined from simple pre-
sintered preforms produced from a pressing operation. Such a
process is inevitably expensive, involves considerable time
and energy, requires expensive diamond coated tooling and
leads to gross material wastage (often between 35 to 65Z of
the material is machined from the preform)' 4 . Components of
regular geometry and near infinite aspect ratios are
conveniently produced by the extrusion of a pliable hardmetal
mixtures 15• Other specialised manufacturing processes are
also used in the formation of hardmetal components with
limited degrees of success. Thin walled components can be
produced by slip casting 16	 Complex articles of homogeneous
densities are reportedly produced by isostatic compaction 17
or hot pressing in graphite moulds 3. However, these
processes tend to be prohibitively expensive and are thereby
restricted to small batch production quantities rather than a
mass production environment.
As stated above, the major factor preventing the production
of more complex components from conventional die compaction
operations is their inherent inability to produce uniform
densities in compacts with the slightest degree of geometric
complexity. The PIM process circumvents the problem by the
application of hydrostatic pressure. In simple terms the
process involves the mixing of fine particulate systems with
a pliable binder material to form a mouldable mass. The term
'binder' in this context, and for the rest of this work, is
used to describe the pliable matrix material into which, the
hardmetal particles are introduced to provide a coherent
mouldable mass. Hence, the term should not be confused with
that used to describe the cementing phase of the hardmetal,
for instance cobalt, which the hardmetal industry also
commonly refers to as a binder. Once a mouldable mass is
formed, it is injected under the application of pressure into
a closed mould. During the injection process the mass
experiences changes in environmental conditions. These
changes result in thermo-chemical reactions in the binder
system, causing the mass to become rigid whilst in the mould
cavity. In time the mass acquires sufficient strength to
withstand ejection forces. The moulding formed at this stage
of the process is commonly termed a 'green' moulding and is a
replica of the mould cavity, encompassing all relevant design
features such as; re-entrants, undercuts, thread forms or
even holes on perpendicular planes. In general, most design
features used in conventional plastics injection moulding
are equally applicable in a PIM process, an obvious exception
being snap-fit type geometries.
The most important stage in the moulding process occurs at
the instant the material fills the mould cavity. A transient
period follows in which the material reverts from a fluid to
solid state whilst still subjected to pressure. The pressure
in the component at this stage is essentially hydrostatic and
produces a homogeneous density distribution within the
moulding which, if correctly applied, can be retained during
3
solidification. Subsequently, the sintered microstructures of
mouldings produced by the process are free of defects
associated with density gradients.
Besides the more immediate benefit of unlimited shape
constraint, the process offers other secondary benefits, some
of which are specific to hardmetals. In particular, economic
gains accrue from more prudent usage of materials and
equipment. The process reduces the amount of machining
required, and any scrap produced in the form of chippings or
rejects can be recycled. This is highly beneficial
considering the costs of high value materials such as
hardmetals. The physical form and availability of powders
have a significant affect on the process economics. A
fundamental requirement of materials processed by PIM is
that they be of a fine particle size. It is fortuitous that
hardmetals, along with cermets and ceramics, are commonly
supplied as fine particulates. This property originates, in
part, from the stringent demands made by the hardmetals
industry which requires fine powders to achieve desirable
mechanical properties, and equally from the inherently
brittle nature of the powders. Subsequently, unlike the
majority of metallic materials, there is no premium on the
cost of raw hardmetal powders as they are, by tradition,
already available in a very fine form, and are therefore
naturally suited to the PIt'I process.
The very nature of the hardmetal powder sintering mechanism
also compliments the PIM process. Compacted hardmetal powders
are conventionally sintered to full theoretical density by
virtue of liquid phase sintering. Therefore a finite
dimension, essentially independent of the sintering time, is
achieved provided the correct sintering temperature is used
18 This ultimately enables closer tolerances to be held. The
availability of suitable processing equipment is another
attractive benefit of the PIM process. Conventional plastics
moulding equipment is readily adapted to an automated
process, and the incurred capital cost of such equipment is
relatively low compared to other forming technologies such as
die compaction.
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2. LITERATURE SURVEY
The objectives of the survey were essentially aimed at
establishing a comprehensive record of relevant technical
information so as to provide a firm foundation from which to
conduct the research programme. In the first instance a
review was conducted to establish the salient processing
procedures required for the tungsten carbide - 6Z cobalt
powder used in this study. It was anticipated such a review
would highlight any precautionary requirements pertinent to
the processing of these powders. Other processing methods
pertinent to hardmetals and likely to compliment the
available literature concerning the PIM process were also
reviewed. In particular, the technology involved in hardmetal
powder extrusion was considered an important 	 and relevant
area,	 since such a practice already utilises pliable
hardmetal mixtures. 	 A review was conducted on the limited
literature describing the PIM process, the majority of which
concerned ceramic powders. This review was considered
beneficial in identifying both the primary processing stages
and general requirements.
2.1 Hardmetal Powder Processing.
2.1.1. Powder production.
Manufacturers commence their hardmetal production either from
the direct conversion of tungsten bearing ores or by
purchasing partly processed powders taken form intermediate
stages. There are two tungsten bearing ores; Wolframite (Fe,
Mn) W04) and scheelite (Ca WO). Both ores may be processed
by a lengthy alkali process to form tungstic acid.
Alternatively, a much more rapid acid process may be used to
convert scheelite ores. 19 Once produced, the tungstic acid is
then converted to tungstic oxide via ammonium paratungstate
(A.P.T), which is reduced in hydrogen, at temperature, to
produce tungsten metal powder with a Fisher mean particle
diameter ranging from 0.7 pm to in excess of 6.0 pm depending
on the type of furnace and reduction conditions used.
It is imperative that the tungsten powder produced has a
regular grain size since any variation in grain size at this
stage is heavily exaggerated in the final sintering process,
where the finest particles tend to dissolve preferentially
and subsequently precipitate on the coarsest particles 20,
The tungsten' powder is then milled with ultra fine, typically
0.001 pm, carbon black and the mixture is carburised in a
hydrogen atmosphere at a temperature in the range 1400C to
1600C 19 to produce pure tungsten carbide powder. A certain
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amount of grain growth occurs during the formation of
tungsten monocarbide in the carburisation process. The grain
size of the tungsten carbide has a critical effect on the
properties of the sintered alloy; affecting the hardness,
strength, and shrinkage 12.20 - 26• Consequently this stage
of the manufacturing process demands considerable care.
Once formed the tungsten monocarbide powder is then milled
with the metal matrix powder. For the particular straight
grade WC - 6% Co alloy used this would be a 6Zwt. addition
of cobalt. The milling process is designed to provide a
uniform dispersion of the cobalt particles within the powder
alloy by the comminution and mechanically bonding of the
cobalt onto the carbide powder surface. A simple dispersion
process	 results in incomplete sintering, and ultimately,
porosity in the hardmetal component hence it is essential
that the cobalt coats the carbide particle. A slight excess
of carbon black is also added to the milled composition in
order to compensate for a predictable amount of
decarburisation during the sintering process. Milling is
conducted over a prolonged period, typically 48 to 96 hours,
although	 it	 is reported 19,	 using an attritor	 can
substantially reduce this period.
During the milling process a 1.5 to 2% wt of lubricant,
such as paraffin wax or polyethylene glycol, is added, not
only to aid the powder pressing operation by reducing the
frictional effects on the die walls, but to bind the
hardmetal particles together after compaction. The waxed
composition is granulated, or if milled in a solvent it is
spray dried, to produce a free flowing mass suitable for
gravity feeding in rapid acting presses.
2.1.2 Pressing.
A unique property of hardmetal powders is their ability to
sinter, quite readily, to near theoretical density. This
property originates from a liquid phase sintering mechanism.
Compacts pressed at pressures in the range 34 to 135 MNur
will sinter to full density with satisfactory mechanical
properties provided sufficient, >2Zwt, cobalt is used 22
Increased compaction pressures often result in a marginal
increase in the apparent densities of compacts which is
beneficial in reducing shrinkage levels during sintering
thereby enabling greater dimensional control to be achieved.
However,	 high compaction pressures can produce density
gradients within compacts which ultimately result in
delamination of the compact integrity. Consequently, it is
normal procedure to compact hardmetal powders with a minimal
but adequate pressure, just sufficient to give reproducible
densities. Compacts are routinely pressed to between 50 and
60% relative density, the precise density being determined by
the starting powder characteristics 14
Additional defects may arise through incorrect pressing
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procedures or poor die design. In particular, plunger
velocities and die venting need to be considered. Air pockets
form within compacts if venting allowances are inadequate or
plunger velocities are too high 14 • The entrapped air can
often promotes cracks within the compact on a plane
perpendicular to the plunger stroke. Coning cracks are
defects associated with the die yielding in a plane at right
angles to the applied pressure, resulting in the elastic
expansion of compacts when they are ejected from the die.
2.1.3. Dewaxing and presintering
Compacts are subjected to a presintering heat treatment
process which is	 designed to remove the pressing lubricant
( dewaxing ), and produce slight sintering by cobalt
diffusion. The diffusion process begins at temperatures as
low as 100C to 300C and enhances the strength of the
compacts prior to machining operations 28, The process
involves the gradual heating of compacts to an approximate
temperature of 900C in either batch-type or continious
furnaces. If the process is imprecisely controlled there is
a danger that the gaseous products, produced during the
lubricant decomposition,	 may accumulate with sufficient
pressure	 and cause the disintegration of the	 compact
integrity. The presintering cycle must therefore include an
initial slow rate of heating to limit the volatilisation rate
of the pressing lubricants.
Careful temperature control is also required in order to
maintain a stoichiometric carbon balance. If lubricants are
exposed to a critical upper temperature limit, (Tamman
temperature) 29 they chemically 'crack' to form free-carbon.
Spriggs 28
 noted this phenomena to occur if paraffin wax is
heated under inert or hydrogen atmospheres at temperatures in
excess of 400C. It has been suggested the cracking process
occurs in both the surrounding atmosphere and pores of the
compact.
It is also imperative to eliminate oxidation of the compacts
during the heat-treatment processes, as this usually results
in decarburisation. It is normal practice to conduct the
dewaxing and presintering operation in reducing atmospheres
such as hydrogen or dissociated ammonia. Studies 30 have
shown argon and vacuum to be less effective than hydrogen. In
particular, the precise temperature control required is
difficult to achieve at low temperature in vacuum. In further
studies 31,32 of sintering atmospheres, workers have observed
considerable outgassing of both carbon monoxide and dioxide,
and found the former gas to have a carburising effect in the
presence of hydrogen.
2.1.4. Sintering
Sintering . of straight WC-Co grades of hardmetal occurs by a
liquid phase
	
process and results in linear shrinkage of
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between 18 and 25Z depending on cobalt content and green
density. The process involves the diminution of the surface
area of an assembly of particles by the provision of heat.
This is accompanied by a diminution of surface energies which
provides the driving force for the sintering process. Liquid
phase densification is considered to take place in three
stages 33
 . In the first stage fluid flow enables particle
rearrangement to take place. This is followed by a solution!
recipitation stage which produces a closer packing. Finally
densification of the solid phase occurs by coalescence of the
solid grains driven by the change in free energy associated
with the solid-liquid interface recrystallisation. In the
hardmetal system under study the liquid phase is provided by
a pseudo-binary tungsten carbide - cobalt eutectic 34 which
eventually	 produces the tough matrix in the	 sintered
hardmetal composition. The presence of voids or an incorrect
stoichiometric carbon balance are detrimental to the
compositions toughness. Precautions with regards to oxidation
and atmosphere control as outlined in the presintering stage
are also pertinent to the sintering process.
There is some controversy concerning the most suitable
sintering atmospheres. Some advocate vacuum sintering
procedures, claiming a greater degree of consistency in the
product quality compared to hydrogen sintering practices 29
However, this procedure confines the sintering process to a
batch type operation,	 and requires a hydrogen purging
operation	 to reduce oxides and eliminate any potential
decarburisation of the compacts	 . The normal sintering
temperature for a WC6Z Co	 hardmetal is approximately
1450C 14	 The term 'vacuum' sintering is a misnomer as the
process is essentially conducted in partial pressure at 13
to 133 Pa 30•	 Lower pressures result in severe cobalt
evaporation at the temperatures commonly used in sintering
36	 It is common practice during the sintering process
	 to
cover the compacts in a loose powder bed of a blend of
alumina	 and graphite powders. The bed not only	 supports
the sintered component during sintering but provides a
localised,	 highly carburising atmosphere, which compensates
for any decarburisation resulting from oxide reduction 14.31
2.1.5 Carbon control, porosity and quality.
In order to attain optimum mechanical properties, 	 the
hardmetaj industry strives to achieve sintered mirostructures
with regular grain size, minimum porosity and a
stoichiometric carbon balance. Factors affecting the carbide
grain size have already been described briefly but warrant
further reflection. Many stages of the hardmetal
manufacturing process can influence on the sintered carbide
grain size, hence mechanical properties. In particular,
certain stages of powder production, such as tungsten ore
refinement, carburisation and milling are known to have a
pronounced effect. Even variations in the tungsten bearing
ores are reported to affect the tungsten carbide grain size
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38 38.. The most obvious factors affecting the final sintered
carbide grain size are sintering time and temperature.
Prolonged sintering at high temperatures is known to produce
gross carbide grain growth 39.
Porosity in the sintered structure is associated with mal-
practices in the production stages. In particular, inhomo-
geneities in composition often result in pore type defects.
Inhomogeneities are introduced through; improper diminution
of the carbide powders, 	 inadequate milling	 operations
producing powder aggregates, and ineffective lubricant
dispersion. Powder aggregates produce defects in the form of
thermodynamically stable pores in sintered microstructures
4O	 Other sources of porosity are entrapped gases and
reactive contaminants 41
Tungsten carbide has very little tolerance for changes in
carbon content, consequently the hardmetals industry places
great emphasis on achieving and maintaining a correct
stoichiometric carbon balance. The carbon tolerance in WC -Co
alloys reduces in proportion to the cobalt content. The
width of the carbon tolerance band of the two phase WC and (3
(cobalt rich solid solution) for a 6wt. cobalt alloy is
O.12Z wt. This is calculated from lower and upper band limits
of 5.66Z to 5.78Z weight respectively 3O On sintering carbon
deficient compositions an embrittling 'eta' ( r ) double
carbide (w3 CO3 C) phase forms incorporating the cobalt
matrix and producing giant grains. The structure may also
contain porosity as a result of localised cobalt depletion
during the formation of the double carbide phase. Not
surprisingly these structures have a detrimental effect on
the mechanical strength of hardmetal components 42 ' 43 ' 43 . The
other extreme is the presence of free-carbon in the sintered
microstructure. When the carbon content of the alloy studied
exceeds the 6.128 Zwt. (50Z at. wt.) stoichiometric balance
the excess carbon is reportedly44 precipitated as graphite,
rather than forming higher carbides. Free-carbon or graphite,
is considered to be less detrimental on mechanical
properties than the eta double carbide. However, its presence
is known to reduce the hardness and toughness of hardmetals,
but it precise effect on transverse rupture strength is a
matter of controversy 2142,43,43a
The quality of sintered hardmetal products is assessed by
mechanical testing and metallurgical analysis. Hardness is a
critical requirement in most applications. The extent of
variatioij in the hardness of a hardmetal alloy is often used
as a measure of its quality. Hardness is measured by means of
the Vickers indentation test (HV3o). The hardness of a WC -
6Z Co alloy varies in accordance with the sintered carbide
grain size. Alloys with sintered grains of submicron and
3.5iim produce microstructures with respective hardness values
of approximately 1700 and 1525 HV30 20. The hardness for an
ISO K20 class of hardmetal, as used in this study, is
approximately 1650 HV3O	 . Porosity and free-carbon greatly
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reduce the hardness of a sintered microstructure.
The strength and toughness of hardmetals are assessed by
measuring the transverse rupture strength. However, in common
with other brittle materials, carbides do not have precise
fracture strengths.	 Instead the term, 'fracture strength' is
a	 statistical phenomena usually involving
	
considerable
scatter and requires numerous testpieces in order to achieve
a reasonable result. An ISO K20 grade of a WC - 6 Co alloy
has an approximate value of 1.9 GNnr 2 , but this is greatly
reduced by the presence of pores ranging from a few pm to 100
pm in size	 . The level of porosity in sintered compacts can
be. conveniently quantified, by non-destructive means, using
density measurements, determined using the conventional
method of weighing in air and water in accordance with ISO
3369 standards.
Relevant • information concerning microstructural quality, in
particular the presence of; free carbon, double carbides,
porosity, fissures, cobalt lakes, contaminants and carbide
contiguity, can be obtained by optical microscopy. Etching
with alk?line potassium ferricyanide, ( Murkhams reagent ),
defines the grain structure thereby enabling the carbide
grain size, shape and distribution to be evaluated. Porosity
and free carbon levels are quantified by comparison to
reference photomicrographs given in ISO 4505 standards.
2.2 Injection Moulding of Particulate Systems.
The pqwdr i.n.jection moulding process can be broadly broken
down into four stages. The first stage of the process
involves the compounding or mixing of the particulates with a
binder having the propensity to produce a coherent mouldable
compositjon. Typical binders are thermoplastic resins or
other thermo-reversible fluids. The actual injection
moulding stage involves heating the pliable composition above
its melting point then injecting it into a relatively cold
mould to promote solidification. Alternatively, when
thermoset type binder systems are used, the heating schedule
is inverted so as to cause solidification by chemical
cross1iking, this reaction being activated by contact with a
heated mould. The
	
injection process itself is complex,
consistiJg essentially of a non-isothermal fluid mechanical
process	 involving	 solidifying	 liquids	 with	 complex
rheologjcal properties. The third stage of the process
concerns the binder removal, and requires great care to
prevent •the catastrophic destruction of the fragile moulding
through rapid binder volatilisation. In the final stage the
partici),te	 mass	 is consolidated by high 	 temperature
sintering.
The mechanical properties of a powder metallur gy product are
de pen4ent on the relative density achieved after sintering.
The higher the sintered density the greater the mechanical
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strength. It is therefore preferential to achieve high
sintered densities in powder injection moulded products. High
sintered densities are more readily achieved in systems
possessing the attributes of; high particle packing densities
and very fine, high surface energy, particles. In order to
attain a highly packed, dense, particle system it is
necessary that the mouldable composition is itself heavily
loaded with solids. Ideally a composition should consist of
a maximum amount of particulates and minimum binder. Such
requirements conflict with those necessary to confer fluidity
to a system and inevitably result in difficulties during the
compounding and injection stages of the process. The
processibility of compositions diminishes with increase in
either the particulate volume loading or its surface area, as
both parameters can exert a significant affect on the
composition's viscosity by reducing the portion of 'free'
binder available to promote flow. Therefore, the need for a
composition with a high solids concentration have to be
balanced against the need to maintain sufficient fluidity for
moulding. The following sections review how researchers have
endeavoured to achieve this compromise, and outline factors
affecting; the mixing process, rheological properties of
powder injection mouldable compositions, and the debinding
stage of the process.
2.2.1. The particulate system.
In view of the great care and attention the hardmetals
industry has placed on developing and maintaining current
powder geometries and compositional characteristics it may be
considered purely an academic exercise to review the ideal
powder characteristics for the powder injection moulding
process. Nonetheless such a review is considered pertinent to
this study, if not only from the standpoint of providing a
clearer understanding of fundamentals involved in the PIM
process, but that, at some future date it may serve as a
benchmark from which the hardmetals industry may try and
achieve some compromise in synthesising powders with a
distribution between its own powder requirements, founded on
the attainment of desirable mechanical properties, and those
ideal for a PIM process.
It is considered expedient for the purposes of debinding and
sintering that powders used in the process should satisfy two
requirements namely; possess both an inherently high packing
density and high specific surface area. The packing density
of a particulate system is commonly defined as; ' the volume
fraction of the system occupied by solids', and is equal to
unity minus the porosity of the system. In a system
consisting of dry solids the packing density is the ratio of
the bulk density of the system to the true density of the
solid particles. Highly packed particulate systems require
less binder to fill the interstitial void volume and, by
inference,	 require less time for its removal. In addition,
11
such systems would result in a lower level of shrinkage
during sintering. Consequently, this provides a greater
control over final dimensional tolerances.
Fine, high surface area particles are most easily sintered
due to their inherently high surface energy, which provides
the driving force for the sintering and densification process
46 • Since the rate of diffusion is proportional to the
inverse square of the powder diameter ' then sintering is
likely to proceed much more rapidly in fine particulate
systems. These powder attributes are more pertinent to
particulate	 system which do not undergo liquid	 phase
sintering.
In a particulate system consisting essentially of monomodal
spherical particles the packing density depends on the
particle packing arrangement. In completely ordered systems
the maximum theoretical packing fraction achievable for
face centred cubic ( or hexagonal closed packed) and simple
cubic lattice arrangements are 0.74 and 0.52 respectively. In
practice however,	 particle packing tends to be highly
disordered. Consequently it is found this leads to an
approximate packing fraction of 0.637 48 in such particulate
systems if one assumes the randomness follows a normal
gaussian distribution.
rnas4 studied the packing characteristics of non-uniform
graded particulate systems and predicted that; the packing
density of these systems would increase if either the number
of discrete size fractions or the ratio of large/ small
particle size increased. The prediction was based on a
geometric progression of discrete size ranges and assumed
perfect particle sphericity. The study concluded that powder
systems of	 broad size distributions produce the greatest
packing densities. This view was subsequently supported by
Wise	 . In later studies of the permeability of filter cakes
Bo and coworkers 51 , reported porosity levels for
synthesised size distributions of spherical powders. They
found that in powders of comparable size limits; (a) the
porosity of the packed bed decreased as the cumulative size
distribution approached linearity when plotted on ordinary
decimal co-ordinates, (b) powders of a broad size range pack
to higher densities. Ayer's et al 52 developed theories on
spherical particle packing which suggest a maximum packing
density of 0.98 is possible if four graded powder systems,
with progressive diameter increases of 1:7, are used.
In an extensive review, Sohn and Moreland	 have shown the
packing density of a multi-modal particulate system to be a
function of size distribution and particle shape only, and
independent of particle size, although extending the size
range effectively increases the size distribution.	 The
packing density of particulate systems is reported	 to
increase with increase the sphericity and smoothness of the
particles	 4 . The effect of the shape factor on packing
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density has been investigated by Sweeny et a]. . They too
found that packing density is influenced by particle shape
rather than diameter, suggesting that as the number of sides
of the particle, which is considered essentially as a
regular polyhedron, decreases, thus becoming more angular,
packing density decreases. This effect becomes more prominent
as the particle diameter decreases. Sohn et a]. 3 have also
demonstrated this effect, but suggest sphericity and particle
size distribution are related. In particular, they suggest
that broadening the size distribution of an angular powder
system can in fact produce a particulate system with a much
higher packing density than attainable with comparable sized
spherical powders.
2.2.2. The binder system : functionality and types.
Ideal binder materials should meet certain criteria, namely
they should; (a) accept a high volume loading ( concentration
) of particulate solids, (b) produce a particulte-binder
composition with suitable rheological properties for
moulding, (c) confer rigidity and strength to the moulded
artefact, (d) be amenable to complete removal once it has
served its purpose.
In order to fulfil the first criteria, surface chemistry and
wetting characteristics between the particles and binder need
to be considered. The second criteria demands not only an
understanding of binder rheology, but how it may be affected
by both particle characteristics and concentration. The third
criteria requires that the binder material should undergo a
fluid - solid state transition. This requirement can be met
by heat transfer effects on crystalline and 	 amorphous
thermoplastics, thermo-reversible compositions, or the
freezing of water-based polymers. The final criteria may be
achieved by either chemically extraction, hence requiring
high	 binder solubility in a solvent, 	 or by	 thermal
volatilisation in a controlled manner.
It is necessary to utilise a blend of two or more materials
in a binder system as it is highly improbable that the
properties of single material would meet all of these ideal
criteria. Each material used in the formation of a suitable
binder may be classified according to its functionality as
follows 56
Major binder components:- determine the melt viscosity and
strength of the binder.
Minor binder:- are often low molecular weight polyolefins
or oils. They are incorporated essentially to aid the
debinding process, using chemical or thermal means, and
function by creating a pore network through which
subsequent high molecular weight binder components may
be successively removed. The binder component should
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have the propensity to be ; preferentially leachable by
a solvent, or possess a high vapour pressure at moderate
temperatures.
Plasticisers:- act as minor additives which reduce the
viscosity of the composition.
Processing Aid/Surfactants:- are designed to; improve the
wetting characteristics of the particulates, reduce melt
viscosity and improve mould release.
The use of a blend of components is not only beneficial to
the flow behaviour of the composition, but can also aid the
debinding process. The constituents used should preferably
have distinct vapour pressures at temperature, so as to
provide a binder with a progressive volatilisation behaviour
when subjected to a thermal ramp 57,58 For the full benefit
of this effect to be realised it is beneficial that the
individual constituents of the binder be chemically
incompatibility. Many workers have attempted to broaden the
volatilisation characteristics of the binder system by using
blends	 of	 polymers with sequential 	 molecular	 weight
distributions 59,60
On reviewing the rheological requirements of binder systems,
Mutsuddy 61 suggest any thermoplastic resin possessing an
upper viscosity of 1O Pa.s in the shear rate range of 10 2 -
1O s 1 , can be treated as potential binders for the process.
Several conventional thermoplastics resins and copolymers
have been successfully exploited as binder systems in the
injection moulding of ceramics and metal powders	 using
waxes, oils or stearates as plasticiser 6268 There is a
claim 69 that powder volume loadings of 90% are possible
with these systems. However, Litman et al 60 studied various
binder components for use with silicon carbide powders with
volume loadings up to 70%. These included high and low
density polyethylene, polystyrene, polypropylene, nylon, ABS,
SAN and polyurethane. They concluded that all the polymers,
with the exception of polypropylene, were unsuitable because
of their inherent high melt viscosities. Polypropylene on the
otherhand was more amenable to processing at relatively low
pressures and temperatures by virtue of its lower melt
viscosity. This polymer is also preferred by other workers
70,71	 It is claimed, p72,73 atactic polypropylene possesses
superior	 wetting	 properties in	 comparison	 to	 other
thermoplastic binders when used with ceramics.
There is some controversy concerning the suitability of
polystyrene as a binder material. Both Sugano and Storm 68
used a plasticised polystyrene as a vehicle for injection
moulding of silicon carbide powder. The polystyrene was
plasticised using either oil, wax or di-butyl phthalate. In
addition, Issitt et al 5 studied the injection moulding of
hardmetal powders, and found it was possible to produce
composition of 0.73 powder volume fraction with plasticised
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polystyrene.	 However,	 they	 reported such compositions
exhibited dilatant behaviour at moderate shear rates. Saito
76 also noted that plasticised polystyrene compositions
exhibit phase segregation during the injection process. This
may account for the dilatancy observed by Issitt 7.
In contrast to the majority of thermoplastic resins,
thermosetting resins pyrolyze to form carbonaceous residues.
Such resins are reportedly ' beneficial, acting as carbon
bearing precursors, in ceramic carbide systems such as
silicon carbide. Strivens 78 exploited this property using
epoxy and phenyl formaldehyde resins with wax additions.
Such systems require longer moulding cycle times, this
essentially being determined by the time required to cure the
resin. They do however have the added advantage of producing
stronger moulded artefacts, wherein the irreversible cross-
linked thermoset portion of the binder provides a strong
structure resisting the stresses resulting from the build up
of gaseous products from the volatilisation of the waxes and
processing aids.
	 Consequently the heating rate control
during	 debinding is less stringent	 in comparison	 to
thermoplastic binder based compositions.
In the majority of binders systems developed workers prefer
to incorporate waxes purely as; processing aids, solvent
leachable agent 69 or toughening agents 58 in both
thermoplastic and thermosetting resin systems. Very few
workers 9 have considered waxes as the sole binder system in
injection mouldable compositions; which is surprising in view
of the obvious advantages which may be derived from low
viscosity systems. In particular, it is known, as will
discussed later in this chapter, that the viscosity of a
filled system is a function of the inherent viscosity of the
binder composition. Hence, since waxes have melt viscosities
of at least an order of magnitude lower than conventional
thermoplastic resins it can be reasonably concluded that any
filled system based on a wax binder would have a commensurate
low melt viscosity and	 require lower pressures during
moulding. Furthermore it is reported that wear in moulding
machines	 is	 a function of particle size	 and,	 more
importantly, the pressure in the system 8O	 Hence systems
offeripg	 minimum	 wear potential,	 i.e.	 low	 pressure
processing, have obvious economic benefits.
Of the few low viscosity systems reported in the literature,
the Peltsman process 81 appears to be the most successful.
The process is based on a paraffin binder, which results in
compqjtions with melt viscosities of approximately 104 Pa.s.
Consequently the processing pressures are significantly lower
than those required by thermoplastic based systems, typically
of th.e order of 0.2 to 0.6 MNm- 2 as opposed to 35 to 140
MNm 2
 for thermoplastics.
Simil	 low viscosity compositions based on waxes blended
with plasticisers are also reported to be suitable for
15
injection moulding of both ceramic and metal powders 79,82•
However, Quackenbush 56 stated that certain paraffin based
binders had a tendency to separate from a silicon nitride
(S13N4) powder composition when subjected to pressure during
the moulding process. Others 60 have reported a similar
behaviour from a system of low molecular weight polyolefins
loaded with 70% vol. Si3N4, but considered this to be a
beneficial property in producing mouldings with excellent
surface finishes. However, the effects of this segregation
during subsequent debinding and sintering stages were not
reported. In early studies on the extrusion of hardmetal
powders Samsonov et al 83 noted segregation occurred in
hardmetal compositions produced from paraffin wax lubricants
when the particulate volume fraction exceeded 0.45. This
conflicts with the satisfactory results reported by others
86,85,86 using various forms of paraffin as lubricants in the
extrusion of hardmetal and refractory powders.
Trunov 87 developed a pseudo-injection moulding process for
hard-alloy powders and noted improvements in the stability
and particulate volume loading capacity of paraffin wax based
binder compositions if surface active agents were added to
mixtures. This work exemplifies the importance of
complimenting the particulate surface chemistry with the
binder system physio-chemical properties. The properties of
the paraffin wax binder used by Trunov 87 were modified by the
addition of surface active agents, which functioned by
improving the 'wetability' of the particulate surface by the
paraffin wax and resulted in a reduction in the viscosity of
the mixture. It was considered this could be accomplished by
introducing a heteropolar agent with one or more hydrocarbon
groups in the molecular structure. Surface active agents with
short hydrocarbon chains were considered particularly
attractive in providing greater compatibility with paraffin.
The polar groups supposedly act as plasticisers and decrease
the interactive forces between the polyolefin molecules in
the paraffin, thereby reducing the melt viscosity. In their
work Plyushch et al 90 investigated the effect of various
surface active agents on the extrusion of a tungsten carbide
+6% wt cobalt alloy using paraffin wax as the binder system.
They observed compositions were more readily extrudable, at
low binder concentrations, if a small addition ( 0.5% wt.) of
surface active agent such as carboxylic acids was used.
Matsera 91 noted a similar behaviour when extruding a
composition consisting of 58% volume of titanium carbide
powder in a solution of rubber, wherein a 1.6% wt addition of
oleic acid produced a significant reduction, 600%, in the
composition viscosity. In more recent work, Bulycher et al 92
were able to extrude fine zirconium carbide powders in a
composition of 65% volume of solids using paraffin wax with
slight additions of surface active agents.
The	 beneficial	 wetting properties derived from
	
using
lubricants with polar groups has been noted in the field of
powder metallurgy 92&	 However, there is no singular,
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universal,	 polar	 material	 to	 suit	 all	 particulate
chemistries, but carboxylic acids such as oleic and stearic
appear to suit both oxide 	 and carbide	 particulate
systems.
Thermo-reversible gels formed by water soluble polymers have
also been utilised as binder systems in the injection
moulding of metal powders. The original systems were
based on methyl-cellulose as a soluble polymer. The debinding
of these systems is attractive by virtue of the ease and
speed with which the water portion of the binder can be
removed. However, long moulding cycle times, mould adhesion
problems and low strength mouldings are reported 96 with
these systems. More recently, these problems have been
alleviated by the development of other water soluble systems
which rival thermoplastic based binders in terms of moulding
strength and cycles times but have the added advantage of
much faster debinding schedules 97.98•
2.3. Rheology of Filled Systems.
2.3.1. Particle loading effects.
Filled systems (suspensions) of various solids, fluids and
concentrations are found in a diversity of applications in
the industrial sector. It is not surprising therefore to
find that the rheology of suspensions, of various forms, has
been extensively	 studied	 by many	 researchers 99102
over recent decades.
Particulate characteristics are know to exert a significant
affect on the rheology of suspensions but the single greatest
influential factor is undoubtedly the level of particulate
volume loading 103 The first theoretical treatment of
particulate volume dependency of viscosity is attributed to
Einstein 104 , who proposed the following expression for a
system of spherical particles;
1%r	 n/r0	 1+2.5V	 (1)
where; and qo are the respective relative, suspension
and medium viscosities, V is the particulate volume fraction
and the constant 2.5 is a shape factor for spherical
particles.
This	 relationship was only applicable to very	 dilute
suspensions,	 < 0.1 v.f., of non-interacting particulates in
non-Newtonian fluids. Vand 105, Guth et al 106, and Simha
107,	 later modified Einstein's equation 	 and	 proposed
relationships in the form of a power series, including higher
powers	 of V to model compositions of higher particle
concentrations. In the first two cases the following
respective expressions were found accurate for a system of
0.5 v.f. monodispersed glass beads;-
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Tr	 =	 1 + 2.5 V + 7.349 V 2	. ( 2)
=	 1 + 2.5 V + 14.1 V 2	(3)
Several other workers have derived different coefficients for
a similar series. These have been reviewed by Goodwin 108W
For systems of higher particulate concentrations it is
considered a greater number of power terms would have to be
used, each progressively having a greater affect on the
calculated value.
Eilers 109	 studied suspensions with higher particulate
loadings, and derived the following equation:-
9r =	 1	 +	 1.25 V	
• 2	 (4)
( 1 -
where V.1 represents the maximum theoretical packing density
of a system of uniform sized spheres, ( Vpx 0.74).
Although the expression was found accurate for systems where
particles ranged from 1.6 to 4.6pm the work was the subject
of much criticism by Mooney 100, who considered such a
particle range too large to use a value of V.ax as 0.74.
Although general power-series expressions, as given in
equations (2) and (3) above, may describe systems of high
particulate loadings when higher powers are introduced, they
still fail to take account of the spatial closeness and
increases in apparent particle volume effects associated with
the adsorption of fluid layers on very fine particles.
Mooney 100 recognised these deficiencies and developed the
following expression which considered effects of particle
proximities, by introducing variable K:-
qr = exp.	 (2.5v )	 ( 5)(1- jv)
where K = 1/0, is the spatial density of the
monodispersed spherical particulate system and 0 is
equivalent to the maximum packing density achieved by the
same powder system.
In a system of monodispersed spheres the boundary limits of K
range from 1.35 to 1.91, and occurs when the respective
packing arrangements are; face centre cubic ( or hexagonal)
and	 simple	 cubic.	 Many	 researches55'110'111, 	 having
established	 the relative viscosity of a system, 	 have
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determined values of K by transposition of the equation and
using the values of the know variables. In particular,
Mutsuddy 61 studying a bimodal alumina powder system in an
injection mouldable composition, found equation (5) did not
give a true prediction of the K variable. Having transposed
the equation and knowing the relative viscosities of the
filled and unfilled systems, the expression predicted a
packing fraction for the bimodal system as slightly greater
than the maximum theoretical value (0.98) possible for a
random system of spheres. This suggests other factors
concerning powder characteristics and flow behaviour need to
be considered.
2.3.2.' Effect	 of	 particle size distribution on 	 the
viscosity	 of suspensions.
Several studies have been conducted, in the field of ceramic
injection moulding, to analyse the effects of particle size
distribution on the viscosity of compositions. In one of the
earliest patents on the process, Strivens 112 reported that
pre-milling the powders, thereby producing a broad size
distribution, resulted in improved flow behaviour during
subsequent moulding studies. This suggests that particulate
characteristics which tend to increase packing densities are
likely to be effective in giving a commensurate decrease in
a compositions viscosity. This is substantiated more
recently in studies 113, of powders of different size
distributions. Dry ball milled silicon powder consisting of
powders in the range +0.5pm 40pm and of near linear
distribution, hence approaching a multi-modal form, were
found to yield the longest flow in spiral mould analysis.
This was achieved in a composition containing 0.73 volume
fraction of particles. In contrast an identical powder of
+0.5	 15 pm range,	 of essentially	 monomodal	 in
distribution, failed to mix properly let alone flow.
In an empirical approach, Farris 114 attempted to predict the
viscosity of multi-modal systems working with data obtained
from the studies on suspensions consisting of monomodal
spheres. He used the concept that the viscosity of a
suspension containing multi-modal particles can be calculated
from the viscosity data of several monomodal systems if the
relative size of particles in the progressive system have a
condition of zero interaction. The prediction indicated that
th& relative viscosity of a suspension of bimodal	 spheres
would increase as; the size ratio of fine to coarse
approached unity and as the total particulate volume loading
of the system increased. In a more comprehensive prediction
of	 a bimodal system,	 which included factors for the
concentration of spherical particulates, Farris 114
postulated that minimum viscosities would occur when a
coarse! fine ratio of 2:1 is used in suspensions of volume
fractions greater than 0.65. The above work suggests that
minimum viscosities are achievable in compositions consisting
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of very broad particle distributions.
2.3.3. Effects of particle size and shape on the rheolo gy of
suspensions.
In their work Sweeny et a1 55 also stated that the viscosity
of a system reduces with increase in the packing density of
the particulates. They also suggested that the absolute
particle size is critical; fine particles produce an increase
in suspension viscosity due to the inherent increase in
surface area.	 Later studies by Parkinson et al 115, on
dilute	 suspensions	 of	 fine	 monodispersed
polymethylmethacrylate spheres in Nujol,
	
particle size was
found to have significant effect on the relative viscosity of
suspension. They attribute this to an apparent increase in
the diameter of particles through an adsorbed immobile layer
of the fluid system, which presumably removes the amount of
free fluid available in the system. Similar results were
reported 116 in the study of a hard alloy extrusion process
in which the applied extrusion pressure was found to be
proportional to the specific surface area of the hard alloy
powders used. This relationship has been confirmed in more
recent work	 in the field of ceramic injection moulding.
Another variable known to affect the rheology of suspensions
is powder shape. Shape can exert two effects. Firstly, it
can alter the packing characteristics. In general, increasing
the powder angularity reduces the packing efficiency and
therefore would increase the viscosity for a given powder
volume loading. Secondly, when subjected to shear asymmetric
angular powders would tend to rotate to a low energy state,
in an orientation offering the least resistance to flow. The
realignment process is likely to cause localised disturbances
in the suspending medium which ultimately affect the rheology
of the suspension. Experimental studies conducted by Mutsuddy
61 appear to confirm the advantages of using spherical
powders. He reported that a 0.56 volume fraction suspension
of irregular alumina powder had a marginally greater
viscosity than a 0.59 volume fraction zirconium suspension of
near spherical powders of the same size range. The study
however is inconclusive as it fails to demonstrate that the
observed differences were due to particle shape affects
alone. They could be attributed to slight variations in the
powder size distributions or even surface chemistry effects.
This conjecture is drawn from the work of Sohn et a1 53 who
have demonstrated that particle shape and size distribution
cannot be considered independently.
2.4.	 Rheological	 Requirements	 of Injection	 Mouldable
Feeds tocks.
Having established how both binder and particulate
characteristics may affect the viscosity of suspensions, it
is felt a logical progression would be to review how
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viscosity may be influenced by	 processing parameters. In
particular the effects of shear , temperature and pressure on
viscosity	 require investigation, 	 since these are	 the
fundamental parameters involved in the injection moulding
process.
2.4.1. Assessment of rheological behaviour.
In essence, the success and economics of the injection
moulding process depends upon the rheological behaviour of
the compositions being processed. The rheological behaviour
of potential compositions need to be evaluated in order to
assess their suitability. Rheological assessment is required
at processing conditions relevant to the injection moulding
process. Of particular importance is shear rate, which in the
injection process is commonly in excess of 3 xlO 3 s 1 . This
places a restriction on suitable instrumentation for shear
analysis.	 Capillary	 rheometers	 are favoured by
	
most
researchers working in the area of ceramic injection
moulding, since this instrumentation is capable of generating
shear rates in excess of lO s' therefore simulating the
injection process more closely.
Fluid systems are characterised by their laminar response to
applied shearing stresses,( t ). The simplest type of flow
behaviour is termed Newtonian flow and is defined by a direct
proportionality between shearing stress, r , and induced rate
of shear,	 , as shown;-
=	 (6)
The constant of proportionality ,i, is the coefficient of
viscosity.
By implication, non-Newtonian fluids embrace all fluids that
do not conform to this relationship. These are typically
polymer melts and filled polymers. Non-Newtonian fluids can
be .represented, in a simple form, by an empirical power
function of the form;-
=	 K ('Y	 (7)
where n j the materials flow index and K is a consistency
index, which is a characteristic of the material at a given
melt temperature, and ' is the apparent shear rate which for
a capillary is given as;
=	 4.0	 (8)
where; Q is the volumetric flow rate
R is the capillary radius.
Ideally this power law function should reduce to a linear
relatio,nship on a bilogarithmic plot of shear stress versus
shear rate (a flow curve), with a constant gradient, n,.
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However in practice many polymeric systems do not produce
flow curves that exhibit constant linearity over wide ranges
of shear rate. Instead, the value of 	 is constantly changing
as is the viscosity coefficient, which takes on an
instantaneous value for each shear rate, and thus is more
correctly refered to as an apparent viscosity, qa.
Greater degrees of accuracy can be achieved by applying
polynomial' 17 or more complex mathematical models 118 which
take account of the non-linearity of flow curves. However,
such models have found limited application in practice within
the polymer industry, primarily because of their complexity
and the limited additional accuracy derived by their use.
Instead,	 a	 simple well established correction factor,
proposed by Rabinowitsch 119, of the following form:-
( 3j + 1 ) I 4n	 (9)
is applied to the power law function of eqn. (7). This
results in a better fit to experimental data, although, at
most only a l5Z error would result it was not applied 120
In practice the correction of non-Newtonian flow behaviour is
determined by evaluating the gradient, n, from the materials
flow curve over a narrow range of shear, where it
approximates to a straight line. Applying the correction of
equation (9) results in the following expression for the
'true wall shear rate' 	 in a capillary:-
=	 3n + 1 . ____	 (10)
4n
Various corrections, particularly for capillary die end
effects also need to be considered for a more accurate
measure of the true wall shear stress'20.
Since the apparent viscosity, qa. determined at any point on
the flow curve is related by:-
=	 t	 (11)
then from equation (7)
fa	 =	 K'. ( ' )'—i
	
(12)
Once again, producing a bilogarithmic plot yields the rate
dependent viscosity.	 The power law index,	 , reflects the
most	 important characteristic of flow 	 behaviour;	 the
deviation from Newtonian behaviour. If
n = 1, then Newtonian conditions are obeyed and the
coefficient	 of	 viscosity is equal to	 the
consistency index K,
	 and by	 definition is
independent of shear rate.
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n < 1, flow behaviour is described as being pseudoplastic,
this being typical of most polymer melts.
n > 1, flow behaviour is dilatant. This condition is known
121 to occur in highly filled polymer systems or
when polymers are subjected to high shear at low
processing temperatures
Subclasses of behaviour exist in the representation of non-
Newtonian systems, these being;
St. Venant, viscosity is inversely proportional to shear
rate
Bingbani plastic, a structure which does not show any flow
until a critical shear stress (yield stress ty) is
exceeded, and there after behaves as a Newtonian
fluid.
Pseudoplastic;	 viscosity	 decreases continually	 with
increasing	 shear rate.
Dilatant	 viscosity increases with increase in rate of
shear.
The above flow behaviours are illustrated in Figure 1.
2.4.2. Rheological response of mouldable compositions.
Ideally, injection mouldable compositions should exhibit a
sharp decrease in viscosity at high rates of shear.	 This
attribute is preferable because the injection moulding
process is essentially a pressure limited operation; there
being a limit to the pressure availability for filling a
mould cavity. Hence, if the material is too viscous or the
mould dimensions too restrictive the mould cavity will fail
to fill completely. An ideal composition would display the
conflicting requirements of a relatively flat shear stress -
shear rate flow curve and exhibit high shear sensitivity.
This later property is identified by a steeply declining
viscosity - shear rate curve. Low melt viscosity, highly
pseudoplastic	 polymers	 comply	 closely	 with	 these
requirements.	 Polymer melts with narrow molecular weight
distributions generally show a greater deviation
(pseudoplasticity ) from Newtonian behaviour at high rates of
shear than melts of a wider distribution as illustrated in
Figure 2. It is also known 12 '	 that low stress viscosity
dependency follows an approximate empirical form:-
ri	 a m35	 (13)
where;	 qis	 is low stress viscosity,
m is the polymer molecular weight.
and that high molecular weight melts exhibit a greater shear
dependence of viscosity.
In conclusion, the most suitable binder properties in terms
of flow behaviour for an injection moulding process, are to
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be obtained from low molecular weight polymers of a narrow
molecular weight distribution. These properties would
satisfy the criteria of low viscosity combined with high
shear sensitivity. In particular low molecular weight
polyolefins and waxes may be best suited to the process, if
their non-Newtonian characteristics remain unaffected by high
volume loadings of particulates.
The non-Newtonian flow behaviour of base polymer resins is
known to be altered by particle; characteristics,
concentration and surface chemistry and by the addition
plasticisers. For example, reseachers 122 investigated the
effects	 of carbon black powder on the rheology of a
pseudoplastic elastomeric resin. They observed that
pseudoplasticity increased as the powder loading increased,
and the larger the carbon particle diameter, the less
pronounced the effect. The addition of plasticisers had a
similar effect and inevitably reduced the viscosity of the
system. However, incorporating clay particles only produced
marginal increases in the pseudoplastic tendencies. White et
al 123 reported similar results in their investigation of the
melt rheology of filled polystyrene resins. Bigg 124 studied
low density polyethylene compositions filled with various
fractions of fine, <35pm , spherical stainless steel powders.
and found all to be highly pseudoplastic in behaviour, with
pseudoplasticity	 increasing proportionately with	 powder
volume fraction. The same study, revealed the viscosity of
the system could also be altered by adding coupling agents,
which presumably alter the wetting characteristics of the
particulate. The viscosity	 was sensitive to the type of
agents used, and very difficult to predict a priori. Similar
effects are reported 125 for mica filled pyprcete
systems. All the above reviews were conducted using polymeric
resins which are intrinsically pseudoplastic in behaviour.
Metzner and Whitlock 103 , studied filled systems in which the
base fluids were essentially Newtonian in behaviour. They
reported that the compositions formed tended to revert to
non-Newtonian	 behaviour as the concentration of solids
increased. The compositions generally behaved as
pseudoplastic fluids until a critical solids volume loading
or shear rate was exceeded. Thereafter, they reverted to
dilatant behaviour. Others 126 have suggested the critical
shear rate at which the pseudoplastic - dilatant inversion
occurs is determined by the flow behaviour of the matrix
polymer of the filled system.
Strivens	 78	 investigated the rheological response	 of
plasticised epoxy resin compositions containing 0.63 volume
fraction	 of	 Si3N4 and found them to be	 essentially
pseudoplastic in behaviour over a wide range of shear. He
suggested	 that	 a yield point may be	 determined	 by
extrapolation of stress-strain profiles to low shear rates.
Other researchers 86 found wax based hardmetal	 powder
compositions possessed a yield point,( yield stress ). On
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exceeding this stress level compositions were found to flow
with pseudoplastic behaviour. However, the magnitude of the
yield stress appeared to be a function of the rate of shear.
Similar flow behaviour was noted by other 83,84 who
attributed the presence of a yield point to the presence of
coagulated structures resulting from the union of particles,
by Van der Waal forces, forming chainlets and disordered
spatial networks. Increasing the volume concentration of the
particulates is believed to result in a greater concentration
of bonds which, in turn, increases the yield point of the
structure. These systems have been described as Bingham
viscoej.astic bodies, and the associated plastic viscosity may
be described by the following expression;
+ r	 "	 (14)
where r 1
 is the yield stress.
Strivens 78 showed that the magnitude of the yield point was
dependent on mixing technique, particle shape and packing
density. It has also been found 123 that smaller particles
exert a greater effect on the magnitude, but this can be
subdued by adding surfactants to the composition. The
rheological behaviour of the base fluid system is also
known 126 to affect the yield value.
In a further study 60 the flow behaviour of filled polymeric
compositions was found to be sensitive to the volume fraction
of solids. In particular, if the volume fraction of Si3N4
powder in a polyethylene wax binder system exceeded 0.7 the
composition not only exhibited a yield point at low shear
rates < 0.1 s 1 , but also displayed characteristics of a
pseudoplastic-dilatant inversion when subjected to shear
rates in excess of 1.0 s_ i . The dilatant behaviour is
attributed to binder-particle separation on the application
of high shearing stresses. Mutsuddy reported 61 anomalous
dilatant behaviour in ceramic filled ethylene vinyl-acetate
compositions. Moderately filled compositions, 0.56 volume
fraction, exhibited dilatancy at temperatures in excess of
90C, and pseudoplasticity at temperatures in the range 70C
to 90C. Yet a similar system of 0.67 volume fraction,
inevitably had a higher melt viscosity, but failed to invert
to dilatant behaviour despite being subjected to temperatures
in excess of 100C and identical shear rates.
Similar dilatant behaviour was reported by Issitt et al75
during an investigation of mouldable hardmetal compositions
based on plasticised, polystyrene and polyethylene resins.
The compositions were essentially pseudoplastic in behaviour
over a shear rate range of 50 to 10 s 1 but tended to invert
to dilatancy at higher shear rates irrespective of melt
temperature. They suggest a possible cause of the observed
dilatancy was binder segregation. This view is qualitatively
substantiated by the work of other researchers 7 ' who observed
a phase separation with highly plasticised systems during the
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moulding process. Other workers 56 also observed certain
binder systems, particularly paraffin based, segregated when
subjected to pressure during the moulding process. The
behaviour was more acute under conditions of high pressure
and high particulate loadings. These researchers considered
the behaviour to be binder specific and suggested it could
be eliminated by minor changes in its composition. Phase
separation and dilatancy are not only detrimental from the
aspect of process and composition control, but can be
detrimental to the processing machinery. In particular when
compositions are dilated they are relatively dry, thus
exposing highly abrasive particulate systems to the surface
of processing equipment. Such a condition in combination with
the high pressures associated with the behaviour are likely
cause considerable wear.
2.5. Aspects of the Moulding Process.
2.5.1. Assessment of mouldability.
The ideal requirements in terms of particulate
characteristics, binder and composition flow characteristics
have been covered, and in the case of the latter property,
determined using capillary rheometry, Bingham-plastic or
pseudoplastic behaviour were considered preferable. However,
flow characteristics determined by capillary rheometry are
essentially limited to isothermal conditions and cannot
readily be translated to predicting the moulding filling
response (mouldability) of polymers or filled polymeric
systems, which takes place under non-isothermal conditions.
This problem is emphasised by reference to the work of
Strivens 78 who assessed the flow behaviour of ceramic filled
compositions over a wide range of shear, and found them to be
pseudoplastic in behaviour yet they failed to flow in a mould
until a critical shear rate had been exceeded. It is
concluded that capillary rheometry is only suitable for
conducting comparative studies and assessing the fundamental
flow behaviour	 of compositions and is limited to the
prediction flow response in isothermal environments as may
occasionally exist in the barrel, nozzle, sprue and hot
runner regions of the injection moulding system.
The problem of relating experimental flow behaviour to
moulding practice has confronted the polymer industry for
many years. The problem is highly complex when one considers
the simultaneous changes occurring in the polymer viscosity
through the imposition of thermal gradients, shear,
compression and the kinetics of the solidification process.
Several' 21 . 128 ' 129
 mathematical models have been proposed
aimed at predicting the mouldability of polymers
	
from
rheological	 properties	 gained	 under	 isothermal
experimentation. These	 often resort to the use of finite
difference analysis and are considered beyond the scope of
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this study due to the time involved in establishing the
required physical properties and in testing the computation.
More recently software packages have been developed,'30.'3'
using the same principles of finite difference employing
empirically based coefficients specific to individual polymer
grades.
One of the earliest theoretical models for predicting the
mouldability of polymers was advocated by Weir 132 who
related the fluidity of polymers to changes of shear,
temperature and viscosity using an empirical 'ST y ' parameter.
He demonstrated the model could satisfactorily predict the
length of flow in a spiral mould and provide aa approximate
estimate of the optimum processing window for straight chain
polymers.
Mutsuddy et al 133 attempted to use the Weir model to predict
the mouldability of an alumina composition, but found poor
agreement. They suggested the model needed to be extended to
take account of particle —particle interactions at various
temperatures. However they found better correlation if one
simply plotted spiral flow length as a function of the
composition fluidity (l/r).
Others	 in their investigation of the mouldability of
ceramic compositions, have transgressed the problem of
predicting the mouldability by resorting to simple spiral
mould analysis. The technique, although purely empirical,
provides more practical data on the mould filling qualities
of compositions than can be achieved from flow curves
generated by capillary rheometry.
	 The technique has also
been used to detected compositional changes and enabled
processing windows to be determined. For instance, Mangles
135 proposed the following simple expression, which is
identical to the conclusions drawn by Mutsuddy et al 133
f	 z
	
(15)
where: f is the spiral flow length,
C is a constant,
fl is viscosity.
He noted that attributes tending to increase compositional
viscosity such as; increased powder volume loading, irregular
particle shape and narrow size distributions resulted in
lower spiral flow lengths, thus reduced mould filling
qualities.
Moulding parameters are composition specific, being
determined primarily by the thermal characteristics of the
particulate and binder system used and the viscosity of
compositions. However, the general conceded that it is
preferably to utilise low pressures where possible for
reasons	 already discussed,	 c.f.2.4.2.	 and high melt
temperatures	 should	 be avoided	 to	 prevent	 binder
volatilisation.
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2.5.2. Moulding equipment considerations.
Both reciprocating screw and ram type moulding machines are
reported to be widely used in the injection moulding of
metals	 and	 ceramics 6,18,58.60.66,136	 However	 there	 are
preferences	 for machine type.	 Ram type machines	 are
considered to be the least favourable choice 137, giving rise
to	 inconsistent	 hence irreproducible	 compositions	 on
consecutive moulding shots. This condition is attributed to
fluctuations in the pressure developed in the nozzle. This
in turn originates from inconsistencies in the degree of
compression exerted on the material, since the material in
the barrel assembly of the machine varies from granular
solids at the feed end of the barrel, to viscous fluids at
the nozzle. In contrast, reciprocating screw machines deliver
consistent homogeneous compositions into the cavity at
reproducible pressures. However the working elements of these
machines are relatively expensive. This places a high burden
on the financial costs of running such machines particularly
in view of the highly abrasive nature of both ceramic and
metal filled compositions; and the short life expectancy of
the screw and barrel assembly. In this respect ram type
machines are preferred primarily because of their low running
costs 138
Mould design can have a significant affect on the quality and
integrity of mouldings. Certain design features need to be
incorporated to prevent design induced defects, such as weld
lines, stress raisers, and entrapped air. Knit or weld lines
are caused essentially by; poor gate location, multi-gated
cavities and obstructions in the flow path with the cavity
137, Stress raisers are caused by protrusions into the
cavity,	 which	 prevent	 stress relaxation	 during	 the
solidification of the composition 56	 Entrapped air is often
the result of poor mould filling, induced by incorrect
location of gates, and lack of venting. This defect is often
eliminated by encouraging a 'plug' mode of mould filling and
providing a positive venting 136 of the mould cavity. It is
also found advantageous to feed the composition from a gate
located at a lower mould surface so that the composition,
acting against gravity, sweeps all the air before it as it
fills the cavity 139
Defects can also be caused by a lack of consideration to the
solidification process, in particular, inadequate
consolidation of the core material of mouldings. This can
produce a non-uniform shrinkage which, in polymer mouldings,
results in sink marks, but in the more rigid structure of
filled compositions may result in a compositional variation.
Such defects can be eliminated by providing a feeding system
with generous dimensions, thus ensuring these are the last
regions of the mould to solidify 139	 It is also preferable
to locate the gates in the largest section of the cavity.
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These	 considerations	 would also reduce	 the	 pressure
requirements of the moulding machine.
Further defects in the form of cracks on the surface of
mouldings are associated with mould cavity deflection under
high moulding pressures. Closer control of the moulding
parameters was found to alleviate these defects 9.
2.6. Feedstock Mixing Considerations.
The mixing stage is of paramount importance to the success
of the injection moulding process, as it this stage that
determines the degree homogeneity and concomitant rheological
charac-teristics of the composition. These properties
subsequently affect the down stream processing requirements
and ultimately the properties and integrity of the sintered
structure. Consequently, it is imperative to achieve total
homogeneity during the process of mixing, to ensure the
composition is totally uniform so that the density on a
microscopic level is completely uniform within the moulded
component.
The primary objective of the mixing operation is to disperse
any powder aggregates and distribute the particles uniformly
within the matrix of the system, or more correctly to
increase the randomness of the spatial distribution of the
particles within the binder. It has been reported 160 that
fine particulates, as used in powder injection moulding, have
a tendency to agglomerate under the influence of strong
London forces.	 The precise affects of agglomerates on the
viscosity of compositions is a matter of controversy. In
theory, breaking down agglomerates would effectively reduce
the range of the particle size distribution and increase the
total area of a particulate system. Both these factors are
likely to increase the viscosity, as reported in the work of
Bigg 124 •	 Mutsuddy6' , however suggests that the presence of
agglomerates	 produced	 unusually	 high	 viscosities	 in
zirconium	 powder compositions.	 Whilst the effects	 of
agglomerates on the viscosity of compositions remains
inconclusive, they are know to have a detrimental effect
during the sintering of ceramic particulate systems. They
produce microscopic variations in the composition density,
resulting in localised high stresses during sintering 141•
Agglomerates are more likely to rupture and be dispersed if
high shear stresses are operative during the mixing process
142145 High stresses are generated in narrow clearances of
intensive, Banbury type mixers 146 . The generated stress is
inversely	 proportional to the square of the geometric
clearance between rotors and the chamber wall, hence
clearance is a critical parameter in these type of mixers.
However, stresses generated within the mixing operations are
also a function of the composition viscosity and the rate of
shear, in accordance with the following expression.
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t	 =	 f.	
. ( 16)
The logical conclusion from this relationship is that high
shear stresses will occur in compositions of high viscosity,
and with the application of high rates of shear. A high
viscosity mixture is most easily obtained by reducing the
melt temperature, and high rates of shear can be generated
from suitable consideration of the geometry and rotational
speed of mixing equipment. Conversely, the distribution of
ruptured agglomerates and the mechanism for achieving spatial
randomness are favoured by low viscosity systems in which
turbulence may contribute to the mixing process 147,168•
Hence the mixing process is essentially divided into three
basic elements, all interacting to determine the degree of
homogeneity achieved, these being; the mixer geometry, the
properties of the composition and the operating variables
149
In a study of various mixing practices, Edirisinghe et al 150
found that high shear mixers such as the twin roll mill and
twin screw extruders where more effective in dispersing soft
agglomerated alumina powders than simple sigma blade
mixers. It was also noted the former type of mixers produced
compositions of higher green densities than could be achieved
by die compaction. The difficulty of determining the
suitability of mixing methods is in quantifying the degree of
mixedness or homogeneity achieved. Various methods have been
suggested for assessing the homogeneity of mixes. These 151
quantify mixtures by using an arbitrary uniformity index.
Such methods are based on determining the standard deviation
or coefficient of variance of a set of samples from a
composition 152
Researchers in the field of ceramic injection moulding found
the effectiveness of the mixing operation to be sensitive to
the manner and sequence in which the constituents were added
during the course of mixing. Johnson et al found it
preferable to increase the initial viscosity of the mixture
by withholding a portion of the binder system.
	 This
procedure appeared to be more effective in breaking down
agglomerates. Waugh 154, on mixing a bimodal powder
distribution, noted the mixing operation was more effective
if the fine powders were introduced to the mix first. As a
general rule, it is considered beneficial if fillers are
added early in the mixing process to induce good dispersion
by providing a high shear viscosity system. Conversely,
plastjcisers and lubricants tend to reduce the viscosity
thereby impeding the dispersion process. Consequently such
additives are usually added at a later stage 155
In general, researchers have favoured the use of small scale
mixing apparatus to evaluated various compositions. Torque
rheometers are an invaluable item of equipment in this
respect, since the torque data produced gives an indication
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of the compositions viscosity and a comparative measure of
the work input. Similar apparatus may also be used to predict
the critical powder volume concentration (CPvc) sustainable
by different binder systems 156, Other methods of determining
the CPVC are essentially based on qualitative observations
during the mixing process 124,
2.7. Debinding and Sintering.
2.7.1. Methods of debinding.
It is necessary to remove the binder constituents from the
'green' moulded artefact prior to sintering. This stage of
the process is very time consuming and generally determines
the economics of the process. In ceramic injection moulded
components binder removal is most often executed by applying
a gradual heating schedule within controlled atmospheres or
vacuo. During such an operation the binder constituents are
degraded and vapourized to gaseous forms which diffuse from
the core to the surface of the component. This form of
debinding therefore requires the use of a multi-component
binder in which each constituent possesses a progressively
higher vapour pressure 58.157	 Even so,	 such a process
demands extensive periods of low rates of heating to avoid
damage	 through the	 excessive concentration of gaseous
products. Thermal debinding periods citied in the literature
56,136,158 are typically of the order of several days in
duration for thermoplastic resin systems. However, because
the process is diffusion driven, the precise period is
determined essentially by the component section thickness.
Early pioneers of metal injection moulding have sought to
overcome this process limitation by introducing various
modifications	 to a straight thermal cycle.	 Wiech	 69
originally used a two stage process; firstly solvent
extracting selective constituents using appropriate solvents
in their vapour state, then removing the remaining binder by
a thermal degradation process. Others have 159,160 used a
similar two-stage principal but utilising the solvent in a
liquid state. Adee et al 63 elected to use a single stage
solvent process in which a series of different solvents were
used to selectively remove various constituents of a multi-
component binder. Wiech 64 later concluded solvent methods of
debinding produced cracks in the moulded artefacts. He
suggested these defects were essentially due to process
irregularities but also recognised the environmental hazards
associated with the solvent extraction procedure, not to
mention the high costs of the two stage operation. He
therefore proposed a debinding procedure based exclusively on
a thermal distillation process applied to a multi-component
binder system in which satisfactory control of the debinding
operation could be achieved by adjusting the pressure and
temperature of the debinding oven. Others 161 have previously
sought to use similar techniques to provide rapid debinding
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by	 including a constituent which sublimes readily
	 at
relatively low temperatures.
More recent work on binder systems 97,98,162 has shown that
substantial reductions in debinding times may be achieved by
using thermo-reversible water soluble polymers. Such systems
rely on the elimination of the high volume fraction water
constituent using a pre-drying stage. This creates a network
of	 channels	 through which	 the volatilised	 polymeric
constituents may easily diffuse at a
	 later,	 elevated
temperature, stage in the process. Relatively large
mouldings, typically of 9 cm 3 in volume, are claimed 163 to
be viable by the process by a reduction in debinding times to
approximately 2 - 3 hours.
A further variant of the thermal debinding process, which is
most widely adopted, involves packing the green moulded
artefacts in an adsorbent bed of fine inert powder. The
process is only of benefit if low molecular weight
constituents, of low melting point, are used in the binder.
Such constituent may be extracted under the influence of
capillary forces, at moderate temperatures, t)us )eavi.g a
partially debound porous component from which the remaining
binder may be thermally distilled. Various packing medium
have been used including magnesium oxide, graphite, ash less
filter paper and alumina 56 ' 78 ' 81 ' 87 . Plyushch 164 suggests
the greatest adsorptive effect can be obtained by using fine,
high specific surface, medium which are readily wetted by the
binder constituents.
Besides assisting in the rate of binder removal, an inert
powder bed also provides additional benefits. Edirisinghe et
al 80, suggest that packing moulded artefacts in a powder bed
produces a greater thermal uniformity around each artefact
and also shields their surfaces from the effects of radiant
heating. Additionally, a powder bed would reduce the effects
of steep gas partial pressure gradients at the surface of the
artefact. However, burying compacts in various packing medium
has its disadvantages since the practice would extend the
diffusion path of the binder vapour. In carbon sensitive
metal systems, such as hardmetals, residual vapours may crack
forming carbonaceous products which are detrimental to the
composition 28
A more obvious and important benefit derived from using an
inert packing material is that it would provide support to
the artefact during the debinding process, hence preventing
slumping. It is recognised 7 ° such precautions may not be
necessary if the composition possesses an inherently high
yield point, in the soft state, and is capable of
withstanding gravitational forces exerted by the mass of
component. Hence from a rheological aspect, compositions
should possess a minimum yield stress consistent with the
shape and mass of the moulded artefact.
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2.7.2. Aspects of thermal debinding
Precise details of heating rates, dwell periods, temperatures
and atmospheres are specific to ; component geometry,
decomposition behaviour and the quantity and chemistry of
binder and particulate systems used. Hence there is no
universal set of conditions which can be adopted. 	 However,
details given in published literature indicate that certain
precautions are required. In his work, Strivens used a
heating rate of 10°C / hour in the range 120°C to 180°C
followed by a dwell period of 6 hours then a further
temperature ramp to 300°C in vacuum to debind a composition
consisting of a montan acid binder and steatite. He
suggested the slow initial heating rate was required in view
of the low yield point of the composition. Quackenbush 56
also suggested that extreme care in the initial phase of
heating was required to prevent component rupture.
Consequently he used a heating rate of 2°C /hour in the
initial stages of debinding. An aggressive heating rate is
considered to produce a rapid expansion of entrapped air
pockets, introduced during the moulding process, and
ultimately disrupt the moulding integrity. Plyushch 164 on
the otherhand, suggests defects can originate from volumetric
changes accompanying the solid-liquid transition of the
binder on melting.
2.7.3. Effects of debinding atmosphere.
Suitable thermal debinding heating schedules may be developed
using thermogravimetry. Traditional methods of analysis
however are limited to controlling rates of heating and
monitoring mass changes as a variable.	 More recently,
workers 165,166 have recognised the advantages of controlling
rate of mass change (differentia. tho 	 try
monitoring temperature as the dependent variable. The
application of this type of analysis increases the economics
of the process. It is reported 167 substantial reductions in
debinding periods have resulted from such procedures.
Many particulate materials, oxide ceramic in particular, are
sufficiently stable at typical binder extraction
temperatures, up to 320°C to allow debinding to be conducted
in air.	 However, if metal powders are subjected to such
treatment they often require substantial periods of
presintering, in reducing atmospheres, to reduce oxides
formed. Oxidative atmospheres on the otherhand are capable of
completely removing detrimental carbonaceous products but
require considerable process control. In particular, there is
a tendency for polymers to undergo exothermic decomposition
in oxidative atmospheres. If such reactions are left
uncontrolled they can lead to the spontaneous evolution of
large volumes of gaseous products which ultimately causes
disruption in the integrity of the moulded components165.
Consequently, there is a general consensus to use inert
atmospheres or vacuum during the debinding process, even with
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oxide ceramics. Many metallic syste
hard-alloys, are incapable of tolera
levels of oxidation as this often re
change in their composition, whi
detrimental effect on mechanical an
These materials require protective
heat treatment stages of the process.
rns, such as cobalt and
ting even the slightest
suits in an irreversible
ch subsequently has a
d physical properties.
atmospheres during all
On reviewing the literature concerning the delubrication of
conventional die compacted metallic systems, with small lZ
wt admixed lubricants, several observations are made. Meyer
et al 168 studied the decomposition of various lubricants
in iron compacts and found their decomposition
characteristics and completeness of removal to be dependent
on the atmosphere used. All lubricants, including paraffin
wax, were completely eliminated irrespective of whether
vacuum, hydrogen, air or nitrogen was used, when
	
subjected
to a	 temperature of 450C. Lubricant decomposition was
initiated and completed at lower temperatures if hydrogen was
used as the protective atmosphere. Moyer 169 found that
delubrication proceeded at a much faster rate in dissociated
ammonia than air but complete lubricant removal was not
achieved.
Lubricant decomposition was reported 168 to take place at a
temperature approximately 100C lower in vacuum than in
hydrogen atmospheres. Others 164 however found that vacuum
had negligible effect on the removal kinetics in comparison
to hydrogen atmospheres. This was attributed to the
hydrogenation of waxes. Meyer 168 and co-workers also found
that up to 90% wt of the lubricants investigated recondensed
in their original chemical form at 20C, indicating the
thermal process to be essentially a volatilisation process
rather than chemical decomposition. In contrast both	 Ward
170 and McGraw 171 found many Lubricaits, waxes in
particular, produced carbonaceous residues in iron compacts,
when heated to 475C. There is also some conflict concerning
the effects of admixing lubricants with iron particles in a
compacted state. Ward 170 suggests that lubricant
volatilisation is suppressed by being included in the compact
structure, requiring higher temperatures to initiate the
volatilisation process compared to a free-state condition.
McGraw et al on the otherhand found that lubricant
volatilisation proceeded at lower temperatures than in the
free-state condition, with the rate increasing with increase
in compact density. However, they noted an opposite effect
for a stainless steel powder, suggesting surface chemistry
effects may be involved in the volatilisation process. The
high removal rate at high compact densities is associated
with the hydraulic expulsion of the melting binder
originating from the combined effects of a restricted pore
volume and a volumetric change accompanying the binder on
melting. Increases in both the rates of heating and surface
area/volume ratios of compacts are found to increase the
rate of lubricant removal 28.171
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Further studies, specific to hard alloys, were conducted by
Spriggs 28 • He observed it was important to remove the
volatilised vapours from the surrounding area of the compacts
prior to the furnace reaching a critical temperature of
400C. Carbon or soot formed on the surface of compacts if
this precautions was not carried out. Consequently splitting
of the compacts, or surface exfoliation resulted. He
suggested adequate spacing between compacts was essential in
order to prevent the same problem.
The sensitivity of hardmetal mechanical properties to changes
in the compositional balance of WC-6Z wt cobalt alloys
demands great care in the selection of both debinding and
sintering	 conditions,	 in	 particular	 atmospheres	 and
temperature. Precautions previously described in sections
2.1.3 and 2.1.4 concerning the debinding and sintering of
conventional die compacted hardmetal powders are equally
applicable to both the debinding and sintering stages of a
powder injection moulding process; the only difference being
in the respective quantities of binder to be removed and the
time scales involved.
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3.0 OUTLINE OF THE INVESTIGATION
3.1 Research Objectives.
The objectives of the research programme were essentially to
investigate the fundamental process parameters considered to
have a direct influence on the successful development of a
hardmetal powder injection moulding process.
	 The research
programme was conducted in two stages,
	 this being	 a
consequence of the nature of the funding.
	 The first stage
was dedicated to determining and studying the process
fundamentals involved, and for simplicity, mouldings of
simple rectangular geometry were used to represent moulded
artefact. The second stage of the programme concentrated on
applying the previous stages findings to the moulding of more
complex hardmetal components, in particular, a 4.3mm diameter
sphere and a percussive mining tip.
3.2. Scope of the Study.
The primary stages of the injection moulding process, namely;
powder and binder mixing, moulding,	 c1t a'cc	 teig
were identified in the literature survey.	 The survey also
revealed other peripheral influential factors such as; powder
and binder characteristics,	 mixing procedure, feedstock
rheological properties, mould design features, binder
decomposition behaviour and hardmetal sintering practice.
Each factor was considered to exert a significant
on the successful implementation of the primary stages of the
process. The interaction between these peripheral factors
and primary process stages are summarised in the process Uow
chart of Figure 3. The flow chart reveals the process to be
of a progressive nature with a high degree of intet-
dependency of processing parameters. Accordingly, it is
anticipated difficulties would arise in establishing the
precise effect certain parameters have on the 	 general
process.
One can often resort to a systematic approach of analysis if
pre-scribed conditions are established. For instance it is
relatively easy to investigate the effect of powder and
binder characteristics on volume loading or mixing, and the
effect of mixing methods on the rheology of composition, by
considering each case as a separate study. But the whole aim
of the programme was to produce sintered mouldings of; high
density, sound integrity and correct chemical composition,
which involves the culmination of many individual studies.
Hence the precise effect of individual process parameters, as
for instance; binder composition, mixing methods or mould
design features, on the sintered microstructure and integrity
is rather more difficult to assess, since, such a study in
itself required an established injection moulding process in
order to prnduee and compare sintered structures. The first
consideration was therefore to establish at least the basics
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of a suitable powder injection moulding process. Once this
was achieved then a constructive investigation of the
fundamental process variables was conducted.
Much of the published literature on the powder injection
moulding process and related hardinetal processing was
constructive in providing a sound basis from which to expand
the research. In particular, the literature survey provided
relevant information on; the possible effects of powder
characteristics	 and volume loading on the	 rheological
behaviour	 of feedstocks,	 preferential modes of	 flow
behaviour,	 suitable	 mixing procedures and	 precautions
required in hardmetal sintering practice. 	 However, the
survey also highlighted certain deficiencies in the
technological understanding of the process. In particular,
binder selection and development was shown to be essentially
ad hoc, without scientific reasoning, their selection based
merely on the fact that other researchers had found certain
materials give satisfactory results for a particular powder
system.	 It was therefore felt further investigations of
binder characteristics would be beneficial to the overall
understanding of the fundamentals of the process.	 In
addition,	 there	 was an obvious lack of understanding
concerning the relationship between composition rheology and
mouldability. It was anticipated this research programme
would expand current knowledge in this area. Likewise,
studies on the development of low energy mixing techniques
allied to low viscosity systems was considered relevant and
beneficial to the process.	 The strategy adopted in this
investigation was therefore, to; (a) identify and evaluate
the raw material characteristics which may reasonably be
considered to have an influence in the subsequent processing
stages, and (b) produce a series of fedstc acvi 't"
their characteristics contribute towards their behaviour in
the subsequent stages of the process.
3.3 Powder Characteristics.
The	 literature survey revealed that powders possessing
attributes enabling them to pack to high densities are the
most favourable for an injection moulding process.
Unfortunately, such characteristics conflict with the present
requirements of hardmetal powders, which have been designed
specifically to achieve optimum mechanical properties. The
hardmetal powders used in this programme were therefore used
in the as-supplied state without any attempt being made to
alter either their physical or chemical characteristics.
However, several grades of hardmetal powder, of identical
cobalt composition (6% wt), differing only in their nominal
sintered grain size, were included in the research programme
so as to provide some fundamental information concerning
effects of particle size and particle size distribution on
processing parameters. To simplify the investigation and
reduce the number of process variables only one of these
powder grades was used in the subsequent stages of the
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process.
3.4 Binder Selection Procedure.
The feedstock composition was considered the single most
important factor with the greatest overall effect on the
success of the overall process, since the characteristics of
the	 feedstock often dictate the subsequent 	 processing
procedures and ultimately the economics of the process. The
feedstock characteristics are, in turn, determined by the
combined properties of the hardmetal powder and binders used.
Having eliminated the effects of hardmetal powder variants,
as discussed above, the logical starting point of the
investigation was to study the effects of binder properties
on subsequent processing stages.	 The binder optimisation
process consisted of producing and analysing a series of
feedstocks produced from binders of quite distinct
properties. For simplicity a decision was made to concentrate
on thermoplastic type binder systems as these readily undergo
a solid-liquid state transition which is easily controllable
by thermal manipulation.
An obvious starting point was to extend the previous study
conducted by Issitt using conventional thermoplastics as
the major component of highly plasticised binder systems.
However, in view of the findings of the work of both Issitt
and Saito 76 , indicating highly plasticised systems,
polystyrene in particular, exhibit segregation, a decision
was made to concentrate mainly on systems involving
polyethylene as a major binder ingredient and paraffin wax as
a plasticiser.	 In contrast to the formulations developed by
[ssitt	 metal stearates and stearic acid were excluded from
use as plasticisers in binder systems because of their
deleterious effect on sintered hardmetal microstructures
169 
• Zinc stearate in particular is known to attack the
cobalt of hardmetals at elevated temperatures, and is often
used in the process of cobalt reclamation because of this
property 43g. Ethylene vinyl acetate was also considered
worthy of investigation as a potential binder following the
its successful application in the field of ceramic injection
moulding 61
The	 literature	 survey also highlighted	 that	 certain
advantages could be derived from using low viscosity binder
systems. In particular, the work of Einstein 103 and
subsequent researchers indicates that the viscosity of filled
systems is a function of the viscosity of the unfilled base
polymer. Hence feedstocks produced from low viscosity binder
systems would themselves be of comparatively low viscosity.
Such systems would require less shear input during
processing, hence be amenable to low pressure injection
moulding practice, which in turn, is a condition likely to be
less deleterious in terms of wear in processing equipment. In
addition, low viscosity binders, particular those of low
melting points, are preferable for melt wicking processes.
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Inevitably low melt viscosity binder systems would also aid
effective mixing by virtue of their inherent ease of flow
147,148• Thermoplastics of high melt flow index (M.F.I.) were
considered to offer the greatest benefit in the binder
development process, since the index is a measure of the
intrinsic melt viscosity of polymers.
Other low viscosity systems, possessing thermoplastic
properties, were also considered beneficial for the same
reason. Waxes and polyethylene glycols were considered prime
candidates as low viscosity binders since they are already
used in the hardmetals industry, which is proficient in the
technology to deal with their removal. A series of waxes,
having different chemical and physical properties were
considered for investigation. The experimental philosophy
adopted was, essentially, to keep the binder system simple.
Therefore feedstocks were initially produced using single
component low viscosity materials as binders. It was
anticipated that subsequent processing and analysis of these
feedstocks would identify specific physical or chemical
properties of waxes promoting superior powder loading and
rheological properties.	 The binder selection procedure is
simplified in the flow chart of Figure 4. At the outset of
the research programme it was difficult to specify those
binder properties which would have the most significant
influence on the process viability. Such properties only
became apparent during the course of the investigation when
problems and behaviours were encountered and solutions and
explanations sought. Whereas the properties required for the
satisfactory conclusion of stages I and II of the given flow
chart are axiomatic, the properties influencing the
subsequent processing stages are less so and were only
identified by applying a systematic analysis as outlined.
3.5 Feedstock Formulation Strategy
One of the essential requirements of the powder injection
moulding process concerns the production of a suitable
feedstock composition. Ideally, feedstocks should possess
simultaneous attributes of high powder volume loading and
satisfactory rheological behaviour. 	 The literature survey
has shown the simultaneous existence of such attributes to be
highly improbable. In general, increasing the powder volume
fraction of a suspension above 0.5 v.f. tends to produce a
disproportionate increase in the suspension melt viscosity.
It was the aim of the programme to develop feedstock
compositions with a satisfactory compromise between powder
volume loading and rheological response. Additional factors
were also considered in the selection of suitable feedstocks.
In particular, the ease of mixing was considered important,
as too was the inherent green strength of feedstock
compositions. In addition, an ideal composition would have
sufficient intrinsic strength, at elevated temperatures, to
be self supporting. Feedstock compositions with properties
which	 deviated grossly from these	 pre-set,	 idealised
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conditions were eliminated from subsequent investigations.
Therefore on completion of mixing and rheometry studies a
series of feedstocks, exhibiting attributes approaching
those of an ideal system, were produced.
3.6 Analysis of Moulding Behaviour.
The moulding behaviour of each of the above selected
feedstock compositions was then studied, using spiral mould
analysis and simple rectangular test shapes. The studies were
productive in identifying compositions which exhibited
unsuitable mould filling characteristics or produced defects
in mouldings. The difficulty encountered at this stage of the
process aeve iopment
flaws. Gross defec
variance in densitie
the form of minor v
difficult to deter
available were ei
procedure and analy
for the presence of
the subsequent stage
microstructures. The
method of detecting
associated with the
was beneficial in
defects such as resi
was in aiscerning tne presence internai
:s could be identified by monitoring the
of consecutive mouldings but defects in
ids or differential densities were more
tine. The only methods of analysis
her; to conduct a destructive testing
;e the fractured surface of the moulding
efects, or process the mouldings throu%h.
and analyse their debound and sintered
former procedure provided a satisfactory
ross defects, such as cracks and voids,
moulding process. The latter procedure
dentifying the presence of more obscure
Lual stresses and densit y gradients.
3.7 Methods and Studies of Debinding.
Since a conscious decision had been made to confine tke
initial study to feedstocks produced, in the main, from
binders of a single constituent, this effectively Licaited th
choice of the debinding process to 	 methods of thermal
distillation. Once a fundamental understanding of this
technique had been gained then the further complimentary
operation of melt wicking extraction was briefly studied. The
debinding process development was both labour intensive and
time consuming, requiring many iterative tests to provide
suitable heating rates and dwell periods. A decision was
taken at the time to concentrate initially on one feedstock
composition, this being one which exhibited superlative
mixing, moulding and potential debinding characteristics at
that time. The debinding process development and study
essentially concentrated on the derivation of a thermal
profile which produced a minimum binder volatilisation, and
on the effects of sample mass, heating rate 	 and various
atmospheres	 on the debinding kinetics of this particular
compositions.
3.8 Sintering and Metallographic Analysis.
The sintering process was based on well established
documented conditions, which essentially promote and maintain
a correct stoichiometric carbon balance and produce moulded
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components of near theoretical densities. However,
components produced by the injection moulding route, which
utilises a relatively high proportion of carbon based binders
compared to powders processed by normal die compaction
methods, may experience carbon irregularities in the sintered
structure. Hence both physical and metallographic analyses
were used to assess the quality of the injection moulded
components produced.
3.9 Moulding of Hardmetal Components.
In an extension to the research programme the cumulative
findings and experiences of the previous study, in which
particular feedstock compositions was identified as
possessing superlative characteristics, were applied to the
production of recognisable hardmetal components in the form
of spheres and percussive mining tips.
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4.0 EXPERIMENTAL WORK
4.1 Hardmetal Powders: Characteristics and Sampling.
In an attempt to reduce the number of process variables the
initial programme was confined to the study of . one grade of
hardmetal powder (tungsten carbide + 6% wt cobalt alloy).
The powder chosen was a proprietary grade H13A supplied by
Sandvik Hard Materials Ltd., Coventry. This grade conformed
to the ISO K20 classification for grade of alloy, and was
chosen purely because of its common usage amongst the member
companies of the British Hardmetal Association. This
particular grade of powder was produced by milling tungsten
carbide	 powder,	 (formed by the reduction of ammonium
paratungstate ), with cobalt powder in an inert liquid,
followed by a spray drying process. 	 The material was
supplied in 25 kilo batches in an unwaxed condition.
Once	 a successful injection moulding process had been
established using the above powder further hardmetal powders,
of the same composition but different particle
characteristics, were investigated. These were supplied by
Anderson Strathclyde plc, Aylesbury, in 5 kilo batches in a
milled unwaxed state and are given as follows;
Grade Reference	 Nominal Sintered Grain Size
CR 2809	 Submicron
CR 2805	 1.5 micron
CR 2810	 3.5 micron
CD 2820	 5.0 micron
These powders were included in the investigation primarily to
determine the effects of particle size and size distribution
on both the mixing and rheological response of prepared
feedstocks.
It was shown in the literature survey that certain powder
characteristics may significantly influence the level of
volume loading achievable in feedstock formulations. A high
volume loading is considered an essential criteria of the
powder injection moulding process. Investigations were
therefore conducted to establish salient characteristics
which exerted the greatest influence on packing density with
the objectives of identifying the ideal powder requirements
for the production of high volume loaded feedstocks. In
particular,	 the	 following powder characteristics 	 were
determined; -
(a) Particle Properties ;
	
i	 Particle Shape
ii	 Particle Morphology
(b) Bulk Powder Properties;i	 Powder Density
ii	 Flow Characteristics
iii Apparent Density
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iv	 Tap Density
v	 Weight Mean Particle Diameter
vi	 Size Distribution
vii Degree of Agglomeration
viii Specific Surface Area
(c) Chemical Properties:
	
i	 Total Carbon Content
ii	 Oxides and Volatile
Contaminants.
A representative sample of each powder grade was obtained by
thief extracting approximately 2.0 Kg lots of each powder
from different positions within the respective containers.
Each lot was then poured in the form a loose cone, and
subjected to a cone and quartering procedure to produce
approximately 250 gms of powder. Powder samples used in the
following analyses were taken from the representative sample.
The exception was in the assessment of the powder density.
This was obtained by taking powder directly from the bulk as
received batch.
6.1.1. Particle shape and morphology.
A qualitative measure of the general shape and surface
morphology of each hardmetal powder grade was determined by
dispersing a portion of the powder, from the representative
sample, onto a conductive mounting plate then viewing it
using a Jeol JEM 100CX, scanning transmission electron
microscope at various magnifications. A permanent record of
the powders' shape and morphology was produced in the form of
photomicrographs. A transmission microscope was preferred
because the powders invariably produced images of poor
resolution when viewed beneath the electron beam of a
Cambridge model 2A scanning electron microscope. This
condition is attributed to a combination of factors, in
particular the incandescence of the carbide particles and the
high magnifications required to view these very fine powders.
4.1.2. Bulk density.
The bulk density of each powder grade was determined using a
procedure outlined in BS 2701,
	 1956 and a Ree's - Hughill
calibrated flask 172 Xylene was used as the fluid medium
which, being essentially inert towards the powder, would
eliminate spurious results which may otherwise arise from
chemical reactions. The flask was designed and graduated for
powders, notably refractory oxides, having densities of the
order 2.0 to 2.7 gms/cm 3 and therefore required a nominal
mass of 100 gins of such powders. Because of the significantly
higher densities of hardmetal powders, a greater mass of
powder was required to fill the equivalent intended graduated
volume. A mass of 580 gms was chosen, which would allow
measurable densities corresponding to 5.8 times the flask
calibration range, this being equivalent to 11.60 to 15.66
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gm fern3 .	 The following procedure was adopted; xylene was
poured into the clean dry flask to a datum line corrosponding
to 250 ml. The hardmetal powder was accurately weighed to
580.0 gms on a top pan balance then gradually introduced to
the flask with the aid of a wide stem funnel. During the
course	 of filling the flask the powder sediment 	 was
frequently agitated to break down powder aggregates. Once
all of the powder had been introduced the flask was placed
within an ultrasonic water bath and agitated until all
entrapped air bubbles ceased rising within the flask stem.
The flask and contents were then placed in a thermostatically
controlled water bath preconditioned to a temperature of
22.6C and left to equilibrate for 20 hours. After this
period the xylene level was recorded to the nearest
graduation of the flask. This level was multiplied by the
mass correction factor of 5.80 to give the actual bulk powder
density. The procedure was repeated for each grade of
hardmetal powder studied.
4.1.3. Flow characteristics.
The flow characteristics of each hardmetal powder was
determined using a Hall Flow Meter apparatus as specified by
the ASTM B213-4B standard. This simply consisted of a funnel,
with a specified taper and orifice diameter, which was
positioned at a distance of 5.0 cm over a cup of 25cm3
capacity.	 A 50 gm mass of each powder was poured into the
funnel in turn, and their flow behaviour noted.
4.1.4. Apparent density.
The apparent density of each hardmetal powder was determined
using the Hall flow meter apparatus. The powders were
encouraged to flow through the orifice of the apparatus
funnel by agitating the powder mass with a fine wire. The
powder was collected in the apparatus cup, with its rim set
5.0 cm below the funnel orifice, which had been pre-weighed
to two decimal places. 	 The cup was filled in excess of its
capacity.	 The excess was carefully scraped off, using a
straight edge steel rule, leaving the powder level with the
cup rim.	 The combined weight of the cup and loose filled
powder mass was measured to an accuracy of two decimal
places using a top pan balance. Hence knowing the actual
mass of the loose filled powders occupying a volume of 25cm3
enabled the apparent density of the powders to be determined.
The value was expressed as a fraction of the powder
theoretical density of 14.95 g/cni 3 , (this being the median of
the possible range 14.88 to 15.02 g/cm3 for a WC+ 6% Co.
alloy).
4.1.5. Tap density.
The tap densities of the powders used in this investigation
were determined in a similar manner to the procedure
described above. However, the powder was encouraged to flow
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and fill the cup in a progressive manner, filling only 20% of
the available cup volume at any one time. Close packing of
the powder was encouraged by tapping the cup and contents
carefully on a hard flat surface for a period of
approximately three minutes after each consecutive fill. As
the cup progressively filled, the tapping procedure was
applied more frequently but with less vigour to prevent
powder spillage. Accordingly, the cup was filled to over
capacity and the excess powder removed as previously
described. The mass of the tapped, closely packed powder
occupying the 25cm 3 capacity of the cup was measured and the
density determined in manner described in the previous
density evaluation.
4.1.6 Weight mean particle diameter and size distribution.
For water dispersible fine powders such as hardmetal powders,
the average particle diameter and size distributions may be
conveniently determined by coulter counter. This apparatus
measures and counts the changes in electrical resistance
across an orifice of known diameter, caused by the passage of
a particle through the orifice. 	 Each particle produces a
voltage pulse proportional to its volume.	 Simultaneous
electronic counting and classification provides a reliable
measure of size distribution and concentration. A Coulter
counter, model TAIl, interfaced to an Apple II microcomputer,
with appropriate software, was utilised to provided both a
size distribution and particle count for each powder sample.
Approximately 50 mg of each hardmetal powder was dispersed in
200 ml of a 0.1% saline electrolyte solution with a few drops
of dispersant. Each suspension was exposed to ultrasonic
vibration for approximately 30 seconds prior to being poured
into the sampling vessel of the apparatus fitted with a 5Opm
tube. Particle counts were performed using sixteen channels
ranging from 0.79pm to 25.4 pm, the incremental size ranges
being based on a factor of
	
[2.
A number of repetitive tests were conducted on each sample
and the data were averaged and tabulated to provide the
standard	 deviation,	 relative	 weights	 and	 cumulative
percentage weights for each channel.	 Plotting the values in
semi-log form, with the upper particle diameter as the
abscissa and the cumulative percentage weight as the
ordinate, produced the size distribution characteristics of
each powder in graphical form. The average particle diameter
of each powder was determined by reading off the respective
size corrosponding to the intersection of the 50% cumulative
weight data.
4.1.7. Degree of agglomeration.
The level of agglomeration is a subjective property and was
determined qualitatively by means of a bilogarithmic plot of
raw data obtained from performing coulter counter analysis.
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The raw data of interest are; cumulative count above stated
size and commensurate particle volume, pm 3 . A plot with
particle volume as the abscissa and cumulative count data as
the ordinate provides a rapid, simple method of testing for
the presence of agglomerates 38	 De-agglomerated systems of
comminuted particles are characterised by smooth, half-
siginoidal type,	 curves.	 Deviations from a smooth plot,	 in
particular the presence of an inflexion at high values of
particle volume, is indicative of the presence of
agglomerates. Each powder grade was qualitatively assessed
using the described procedure, and the relative deviations of
their respective curves compared.
4.1.8. Specific surface area.
The specific surface area and commensurate average particle
diameter (Fisher Number) of each hardmetal powder were
determined using a Fisher sub-sieve sizer. The instrument
gives an indirect measure of the surface area of a packed bed
of hardmetal powder one cubic centimetre in volume, within a
standardised tube, by assessment of the resistance of air
flow through the powder. A standardised mass of 14.95 gin was
used for each powder.
Each analysis was conducted in the usual manner, firstly
ensuring the instrument was calibrated using appropriate
tubes. The average particle size of each powder was obtained
by reading off values on a supplied pre-calibrated chart. The
specific surface area of each powder was then calculated
using the following expression which is based on the
assumption that the particles in the system are perfectly
spherical
dm =	 6 x 10 '	 (17)
P.S
where; dm
	
average particle diameter. pm.
P = the powder specific gravity, g/cm3
S = the powder specific surface area, cin2/g.
4.1.9 Chemical properties.
The most salient	 compositional chemical property of these
hardmetal alloys is carbon content. For a perfect
stoichiometric balance there should be a combined carbon
content (actual carbon in the tungsten carbide composition)
of 6.128% weight based upon the tungsten carbide mass. As
the alloys contain a 6% weight cobalt addition then the
expected combined carbon content for the hardmetal powder
blend would be 5.66% to 5.78% by weight. Two powders were
taken for investigation these being the Sandvik grade H13A
and the Anderson Strathclyde grade CR 2805 powders, which
according to their manufacturers, are designed to give
comparable sintered grain sizes of 1.2pm. The analyses were
conducted	 by	 an independent	 testing	 house	 (M.T.T.,
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Sheffield), using a Leco gravimetric carbon analyser. Three
runs were performed on each grade as a check for consistency.
The Sandvik H13A powder was assessed for oxide and volatiles
content. This was achieved by performing thermogravimetric
analysis on the as-received powder, using a hydrogen
atmosphere and heating to a temperature of 900C.
4.2.	 Binder Materials.
4.2.1. Thermoplastic binders.
In view of the findings of the literature survey which
demonstrated the benefits of low viscosity binder systems, a
search was conducted to find suppliers of conventional
thermoplastics with high melt flow indices (M.F.I.). In
particular, the search was limited to polyethylene and
ethylene vinyl acetate. The following materials, each
possessing lowest melt viscosity of their generic class, were
obtained and used in the research programme.
Thermoplastic Binder Materials
Material
Low density
polyethylene.
Ethylene vinyl
acetate (28	 V.A.)
Linear low density
polyethylene.
Polystyrene
* ASTM D1238
Grade	 Supplier	 MFI* Density+ Melting
g/cm3	Point'C
LD657	 Escorene	 250	 0.926	 108
1JL40028 Escorene
	 400	 0.945 •
	
82
LL6O1OXR Escorene	 20	 0.926	 n.d.
67336	 ATO	 n.d.	 0.95	 n.d.
+ ASTM D1505 ; • ASTM D792
The	 bulk properties tabulated were obtained from
	
the
manufacturers own data sheets. These properties, namely
density and melting point are required in order to establish
the correct volume fractions and processing conditions of
formulations.
4.2.2. Low viscosity polymeric binders.
It was anticipated the analysis of a broad group of materials
would elucidate beneficial binder properties required for the
injection moulding process. Hence, a broad spectrum of both
waxes, taken from petroleum, natural and synthetic classes of
waxes, and glycols each possessing quite distinct physical
and chemical properties were considered for investigation.
All the materials obtained and considered for investigation
are given in Table 1.
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Where possible, the essential bulk properties were derived
from the manufactures own data. However, the provision of
such data was often limited, and in the majority of cases had
to	 be	 determined experimentally using 	 the	 following
procedures.
a) Density.
A density column, capable of measuring the specific gravity
in the range 0.88 to 1.20 g/cc was constructed from a series
of consecutive blends of carbon tetrachioride and xylene in
appropriate proportions. Samples of approximately 0.5 gms
mass were carefully introduced into the density column and
after attaining equilibrium their specific gravities were
obtained by direct reading of their positions relative to
calibrated markers.
b) Melting points.
The melting points of the various materials were determined
using an Electrothermal Melting point monoscope. This is a
relatively simple instrument consisting of a miniature hot
plate, a thermometer, an expendable glass capillary tube and
a strategically positioned magnifying glass. The melting
points of the waxes were obtained by simply charging the
capillary tubes, in turn, with small amounts of material,
placing the tube above the hot plate, then applying a heating
rate of 10C/min and monitoring the appearance of the
material using the magnifying glass. Waxes consist
essentially of a blend of low molecular weight hydrocarbons,
and as such melting tends to occur over a range rather than
at a specific temperature. The temperature at which each
sample appeared to 'sweat' was recorded as its lower melting
point,	 and its upper melting point was taken as the
temperature at which no solids were visible.
4.2.3. Binder volatilisation behaviour.
The volatilisation kinetics of the various potential binder
materials were determined by thermogravimetric analysis.
using a Stanton Auto-Thermorecording balance, model HTF.
The accuracy of the balance was pre-checked before use by
analysing the weight loss of hydrated cobaltous chloride,
(CoClz.6H20). All investigations were conducted at a heating
rate of 1000C/2 hours which was controlled by means of a cam
potentiometer. Design limitations of the balance, in
particular, ineffective gas seals on the furnace tube,
confined the analysis to inert non- toxic atmospheres. A
nitrogen (oxygen-free grade, BOC) atmosphere was therefore
used throughout all the investigations.
Samples of each potential binder material were, in turn,
accurately pre-weighed, on an August Sauter, model 414/15 pan
balance to five decimal places, prior to analysis. 	 Tests
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were conducted with a nitrogen gas flow rate of 0.4 1/mm,
which was pre-dried by passing it through a purifying train
consisting of molecular sieve, anhydrous copper sulphate and
magnesium perchiorate prior to being introduced to the top
inlet of the furnace. The gas flow was directed downwards
over the platinum sample holder to flush any volatilised
products out of the furnace.
Experimental data in the form of thermogravimetric, TG,
( mass versus temperature ) plots and first derivative
thermogravimetry, DTG, ( rate of mass loss versus
temperature) were derived from the manual computation of mass
and temperature curves simultaneously recorded on an integral
chart recorder.
A measure of the completeness of each materials
volatilisation was determined by comparing the combined
crucible and binder mass prior to and after each analysis.
The sample crucible was decarburised by oxidation in an
oxyacetylene flame before each evaluation.
4.2.4 Rheological behaviour.
As the research programme involved two quite different
classes of polymeric materials in terms of their respective
viscosities, each class was evaluated by an appropriate
method.
a) Thermoplastics materials.
The rheological characteristics of the conventional
thermoplastic were determined by capillary rheometry using a
Davenport Extrusion Rheometer fitted with a 19.05mm barrel.
The pressure generated during tests was measured by means of
a pressure transducer, strategically placed in the side wall
of the	 barrel so as to coincide with the top of the
capillary die holder.
It was recognised from the literature survey that in adopting
this form of rheological assessment certain precautions are
required in order to eliminate spurious results associated
with end effects of the capillary dies. These can be caused
by a dissipation of energy associated with; the converging
flow prior to entry into the capillary, the development of a
velocity profile near the entry of the capillary and storage
of elastic energy through molecular chain uncoiling. Certain
empirical methods of correction have been proposed. In
particular, a Bagley 173 method of correction eliminates
errors by assuming the end effects contribute towards an
effective increase in the length of the capillary. However
the method involves extensive calculation for the eventual
determination of viscosity values.
An alternative and much simpler method of assessing the
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where;
P
L
R
rheological behaviour was considered. This is the Couette-
Hagenbach method 120, and is based on a difference method of
a two die system. The method effectively eliminates end
effects by subtraction of pressure values obtained from using
two dies, of different lengths, but of the same diameter.
The true wall shear stress, r, can be derived from this
method by the following equation:-
-
	 ( Pi - P2 ) . R	 (18)
( Li - L2 )
	
2
is the true wall shear stress.
is the pressure required for flow.
is the capillary length.
is the capillary radius.
and the suffixes i and 2 refer to the long and short
capillary dies respectively.
This method is simple but has some limitations. In
particular, it does not provide a direct reading of the zero
length die pressure, which is often essential for the
analysis of certain fundamental melt properties. However,
Crawford 174 suggests this value may, if required, may
	 be
obtained with a reasonable degree of accuracy by
extrapolation. The primary purpose of investigating the
rheological behaviour of potential feedstock compositions
produced in this study was essentially to establish and
compare behaviours and trends, rather than the production of
precise data. With this philosophy in mind it was considered
unproductive to devote the considerable time and effort
required in applying non-Newtonian corrections to shear rate
data so as to achieve a marginally greater degree of
accuracy. Hence an 'apparent' shear rate, , was used in
the rheological investigations conducted in this research
programme. This as calculated from the following expression
=	 4.0
	
(19)
Jr.	 R3
where Q is the volumetric flow rate,
and the commensurate 'apparent' viscosity was calculated
from the following expression;
9a	 =	 t	 /
	
(20)
The rheological behaviour and melt viscosity of each
thermoplastic was determined at suitable melt temperatures
using a set of capillaries, of 10 and 40 mm in length and
2.00mm in diameter.
b) Waxes.
Rheometry was performed on various waxes using a Rotovisko,
model RYE rotational viscometer, fitted with a NV bob and cup
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measuring device.	 The instrument's damping coefficient and
gain	 were set at 9.0 and 0.00	 respectively.	 Torque
measurement was by means of a 50 or 500 series load cell as
appropriate. Tests were calculated at temperatures
approximately 10°C. above the melting point of the respective
waxes. This was achieved by heating the bob and cup from a
thermostatically controlled oil reservoir. Shear stress and
shear rates were evaluated using given constants and charts
calibrated specifically for this machine.
4.2.5. Dielectric permittivity ( Dielectric Constant ).
Dielectric permittivity, E ,	 is a property giving a measure
of the extent of electrical polarisation which can be induced
in a material by an electric field. This property was
therefore considered an appropriate, although indirect means
of measuring the comparative polarity of binder materials.
The permittivity of selected thermoplastic and wax materials
was determined using a PL-DETA, Dielectric Thermal Analyser.
(Polymer Laboratories, Loughborough). Each sample was
firstly melted before being poured onto the pre-heated
stainless steel electrode of the analyser.
	 This procedure
was considered necessary in order to achieve good electrode
contact and, more importantly,	 to prevent some of the more
crystalline waxes from shrinking, which often resulted in the
formation of micro-cracks. Such defects give erroneous
results by encouraging discharge tracking to take place. Once
the samples were in position the apparatus oven was lowered
over	 the hot-stage assembly and values of
	 dielectric
permittivity, € , and dielectric loss factor, 6 , were
obtained over a wide temperature range by applying a constant
heating rate of 3C/min and a fixed frequency of 1KHz.
4.2.6. VoLumetric changes in 'taes.
Crystalline	 polymeric	 materials are known to
	 undergo
considerable volumetric changes during liquid to solid state
transitions.	 In particular waxes can experience shrinkages
of the order l5 vol 175 It was considered the integrity of
the mouldings produced from even semi-crystalline binder
systems may be adversely affected by this property. Two types
of wax binders were considered for investigation, these being
a pure Hoechst E wax, and a blend of waxes as used in
composition reference 018, given in sections 4.2.7 and
4.3.3.(d). The volume-temperature dependency of each wax was
measured indirectly by determining the relative densities of
their respective molten and solid states. The solid state
specific gravity of each wax was determined by a water
immersion technique, using distilled water and a sinker ( to
totally immerse the samples), and applying the following
expression
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where;
A
Bt
=	 A .
	 . (21)
(A-B+c)
where;	 is
A is
Et IS
B is
C Is
the specific gravity, Or-( ite solcu.))(
the weight of wax in the air.
the density of water at each temperature.
the weight of wax and sinker in water.
the weight of sinker in air.
Their specific gravities were determined over a temperature
ranging from 23°C. to a temperature just below the onset of
melting. The property was assessed at several temperature
intervals within the range by heating the water and allowing
an approximate sample equilibrium period of ten minutes at
each temperature.
Their molten state specific gravities were determined by
using a metallic sinker, of predetermined density and
measuring its mass in air and in the respective molten waxes
at a several elevated temperatures. The following expression
was then used to calculate the specific gravity,	 of the
wax
•(AA - Bt )	 (22)
is the specific gravity of the metallic sinker
at 23°C.
is the weight of sinker in air.
is the weight of the sinker in wax at the
respective temperature.
It is recognised that slight errors may be introduced by
neglecting the effects of temperature on the specific
gravity of the sinker. However, it is considered these would
be negligible in comparison to those of the waxes for the
temperature range considered.
4.2.7. Compatibility of wax blends.
The compatibility of wax blends, in particular the wax blend
of composition reference 018, consisting of the following
wa ze s
Z vol
	
Wax type
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Microcrystalline paraffin, Mobil 2360
28.5
	
Montan ester, Hoechst E
21.5
	
Polyethylene, AC-6A
was assessed using a Dupont Analyst Model 2000
thermoanalyser in differential scanning calorimetry mode at a
fixed heating rate of 10°C/mm.
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Their mutual solubilities, hence degree of compatibility,
were determined by analysing the respective positions of each
waxes endotherm in relation to the D.S.0 trace of the
blend.
4.3 Feedstock Formulations and Characterisation.
4.3.1. Formulation mixing and rheology.
Two types of compositions were considered for investigation,
namely; (a) thermoplastic based binders plasticised with
waxes, and (b) wax based binders. In order to establish some
level of correlation between compositional trends or
behaviours and specific binder properties several blends were
considered and included in the investigation.
The formulations were limited to the use of a Sandvik H13A
grade hardmetal powder. Mixing was conducted in a Brabender
Plastograph torque rheometer fitted with a model W3OH heated
mixing chamber. This apparatus is illustrated in Figure 5.
The rotor mixing speed was fixed at 50 rpm and the jacket
temperature was fixed approximately 20C. greater than the
respective binder melting point. 	 A measure of the mixing
energy requirements was obtained by means of a torque versus
time recording produced on an integral chart recorder. The
following stringent mixing process was adopted. Approximately
one third of the hardmetal powder was initially introduced
into the pre-heated mixing chamber and allowed to attain
equilibrium. The binder was then introduced and the mixing
rotors were set in motion. The remaining hardmetal powder was
gradually added over a period of time, this being dictated
essentially by the viscosity and ease of mixing of the
respective composition. Each composition was assumed to be
effectively mixed when the measured torque level remained at
a steady minimum state for a period of at least five minutes.
The rheological characteristics of formulations produced were
determined by capillary rheometry using a Davenport Extrusion
rheometer. This was modified by replacing the usual
pressure transducer with a 100KN load cell positioned at the
top of the rheometer ram. These modifications were found
necessary because pressure transducers were subjected to
the severe wear problems when in their usual location in
rheometer barrel. The rheometer was also fitted with a barrel
of 1.0 cm nominal diameter. During subsequent analyses of
data collected, the pressure was determined as a function of
both the barrel cross- sectional area and the load cell
force.	 A two die difference method was used to evaluate the
apparent	 viscosity	 and rheological response 	 of	 each
formulation at various melt temperature. The method of
analysis ,
 has been given previously in section 4.2.4. The
capillary die dimensions used were 40, 20 and 10 mm in length
each having a bore diameter of 1.09 mm.
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Plasticiser
vf.	 (gms)
0.05	 1.15
'I
I,
ii
4.3.2. Thermoplastic based binder compositions.
a) Selection procedure.
Tentative studies were initially conducted to replicate
compositions previously studied by Issitt et al who used
high hardmetal volume loadings, of approximately 0.73 volume
fraction (v.f.) in polyethylene based binder systems. These
proved unsuccessful. Mixing could only be achieved if the
Sandvik H13A hardmetal powder was restricted to less than
0.65 v.f. Subsequently, the following thermoplastic based
binder compositions were produced, in batch sizes of 25cm3,
at a mixing temperature of 160°C, using a Fisons 49°C mpt.
wax as plasticiser;
	Ref Hardmetal	 Thermoplastic
vf	 gms	 Type	 vf	 (gms)
Bi	 0.60 225	 LD657	 0.35	 8.10
AS	 "	 "	 LLDPE 6010	 "	 8.05
IC	 "	 "	 EVA UL40028	 "	 8.26
	
H	 ,,1P	 Polystyrene 67338	 8.31
b) Plasticiser and powder loading effects.
The following compositions were produced, in batch sizes of
28cm3 at a mixing temperature of 160°C, with the purpose of
evaluating the effects of both powder volume loading and
plasticiser properties on rheology,
	
Ref Hardmetal	 LD657
vf	 gms	 vf	 gms
	
LD1 0.65	 272	 0.2	 5.18
	
LD2 0.65	 272	 0.2	 5.18
	
LD3 0.60	 251	 0.228	 5.91
LD5	 0.60 251	 0.228	 5.91
Plasticiser
type
B wax
E wax +
Shell PR135
E wax
E Wax +
Shell FR135
vf	 gms
0.15	 4.28
0.10	 2.85
0.05	 1.26
0.172	 4.91
0.086	 2.45
0.086	 2.16
4.3.3. Low viscosity binder compositions.
a) Selection procedure.
In order to establish the most preferential types of low
viscosity binders from the extensive list of Table 1, a two
stage selection process was conducted.
In	 the first stage,	 each material was subjected 	 to
thermogravimetric analysis as discussed earlier to eliminate
those materials which produced carbon or ash residues. 	 The
analysis	 also	 identified materials	 with	 preferential
volatilisation kinetics, i.e.
	
those with moderate rates of
volatilisation over a broad temperature range.	 Hence, the
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Ref
Dl
D2
D3
D4
D5
D6
D7
D8
D9
DlO
Binder Material	 gms/15cm3
process eventually provided a narrow class of low viscosity
materials with suitable volatilisation behaviours.
The	 second	 stage	 involved a systematic	 process	 of
elimination. Feedstock compositions were produced with
progressive increases in hardmetal powder loadings from 0.5
to 0.70 volume fractions in 0.1 and 0.05 volume increments.
The balance was made up using each low viscosity material as
the sole binder constituent. The rheological behaviour of
each feedstock composition was assessed, and waxes producing
feedstocks with poor flow characteristics or incapable of
sustaining high powder concentrations were eliminated from
further investigation. Ultimately a series of low viscosity
binders providing a satisfactory compromise between
rheological behaviour and powder volume loading capability
were identified. These binder materials, and the feedstocks
they formed were subsequently analysed further and used in
the moulding trials. The selection procedure was considered
beneficial in indentifying, initially, binder materials
offering the most favourable properties, from which more
fundamental physical or chemical properties pertinent to the
injection moulding process could be determined.
b) Formulations investigated.
The following series of feedstock compositions were mixed
using a Brabender plastograph torque rheometer at the
specified temperatures and a mixing rotor speed of 50 rpm. A
constant batch size of 3Ocm3 was produced. In each of the
series D, E and F the hardmetal powder content was fixed at
50%: 60% and 65% volume respectively. Hence the mass of
powder used in each of the respective series was 224gms, 269
gms and 291 gms, which corresponds to the given volume
fraction when the theoretical hardmetal powder density is
taken as 14.95g/cm3 . The remaining portion of each
compositions was made up from the following binder materials
as the sole binder constituent.
Series D	 ( 0.50 vf hardmetal )
Shell FR135 wax
Mobil grade 2360 wax
Huls A616 wax
Fisons 65 C C p.wax
Wilkins 16203/B
16404
16401
Astor FF8332 wax
Carnauba wax
Hoechst OP wax
13.50
13.74
14 . 34
13.35
14.41
14.55
15.90
13.80
14.94
15.30
Mixing
Temperature C
90
90
110
90
100
100
100
100
100
100
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Ref
014
El
E2
E3
E4
ES
E6
E7
Binder Material	 gms/12 cm3
Series E ( 0.60 vf hardmetal )
Hoechst OP wax
BASF PB
BASF OA
BASF A
Carnauba wax
Astor FF8332 wax
Shell FR135
Wilkins 16203/B
12.24
11.16
11.52
11.04
11.94
11.04
10.80
11.53
Mixing
Temperature OC
100
120
110
110
100
100
90
100
Series F ( 0.65 vf hardmetal )
Ref	 Binder Material	 gms/l0.Scm3	 Mixing
Temperature C
Fl	 Hoechst OP wax	 10.71	 120
P2	 Carnauba wax	 10.45	 100
F3	 Hoechst C Amide	 10.50	 150
P4	 Hoechst B Wax	 10.71	 120
The rheological characteristics of each composition were
evaluated using the procedure outlined in the above section
4.3.1.
c) Compositions of higher powder concentrations.
The following feedstock compositions were mixed using a
Brabender Plastograph torque rheometer and adopting the same
mixing conditions as given above with the objectives of
establishing the threshold hardmetal powder volume loading
of each binder material. The critical loading condition was
established by adopting a subjective procedure of observing
the appearance of the mixture during mixing. It was noted
during previous investigations that compositions of poor
rheological response appeared to have a dry consistency
during mixing. Therefore set volumes of 25cc of the previous
compositions Fl, P2 and P4 were mixed, then as mixing
progressed, small additions of hardmetal powder were
introduced to the composition until a condition was reached
when further additions were considered to give an
unacceptable appearance. From experience gained with previous
wax based compositions this condition usually coincided with
a torque reading of 300 to 400 mg( meter grams) on the
Brabender scale. The respective hardmetal powder and binder
volume loadings were then calculated.	 The	 rheological
behaviour of each composition was then investigated.
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gms
8.71
8.925
8.92
8.925
Series C
Ref
Cl
C2
C3
016
Hardmeta].	 Binder Material
vf.	 gms	 Type	 vf
	
0.70 305
	 Carnauba wax	 0.30
	
0.68 277
	 Hoechst OP wax	 0.32
	
0.67 265
	 Hoechst E wax	 0.33
	
0.69 291
	 Hoechst E Wax	 0.31
a) Compositions of mixed low viscosity binders.
A further series of compositions, composed of a blend of low
viscosity materials as binders, were produced. The primary
objective of this investigation was to develop a binder
system which could sustain a high volume loading of
particulates yet still maintain a relatively low viscosity.
Mixed binder systems were also considered beneficial for the
purpose of debinding. The compositions were based on a
Hoechst montan ester E wax as the common binder component and
other low viscosity materials were added to function as
lubricants/plasticisers. The batch size of each composition
was restricted to 25cm 3 , this being a sufficient quantity for
conducting rheological assessment after mixing.
Series G - Binary Blends
Ref
	
Hardmetal	 Binder Composition
vf	 gms	 E Wax	 Lubricant
vf	 gms	 Type	 vf
	
gms
224
I,
I,
I,
I,
I,
'I
I,
242
'I
I,
Gi
	
0.6
G2
	
'I
G3
	 I,
G4
	 I,
G5
	 It
G6
	
I,
G7
G8
	
I,
G9
	
0.65
GlO
	
I,
Gil
	
'I
0.3
II
'I
I,
I,
I,
0.25
0.20
0.315
0.245
0.116
7.65
It
I,
'I
'I
6.37
5.10
8 .03
6.24
2.95
PEG 6000
" 4000
" 1000
600
400
Fisons wax 49C
I,	 It
It	 II
Shell FR135
II	 II
Is	 II
0.1
I,
II
It
I,
0.15
0 .20
0.035
0.105
0.234
2.8
I,
'I
'I
I,
2.24
3.36
4.48
0.78
2.36
5.26
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AC-6A wax
vf	 gms
	
0.075	 1.72
	
0.060	 1.38
	
0.050	 1.15
Series H
	
- Ternary Blends
Hardmeta 1
Ref vf
	 gms
018 0.65	 242
020 0.665	 248
019 0.675	 252
Binder Composition
E wax	 Mobil 2360 wax
vf	 gms	 vf	 gms
0.1	 2.55	 0.175	 4.0
0.1	 2.55	 0.175	 4.0
0.1	 2.55	 0.175	 4.0
4.3.4. Effects of hardmetal powder concentration on the
rheology of compositions.
A series of compositions, with progressively increasing
hardmetal powder volume loadings were produced using a
Hoechst OP wax as a binder. The purpose of this study was
to develop a mathematical model relating binder viscosity,
and composition viscosity, q . with hardmetal volume
loading. The following compositions were mixed and their
rheological behaviour assessed using procedures previously
described in section 4.3.1.
Series J
Ref	 Hardmetal	 Hoechst OP wax
vf	 gms	 vf	 gms
Dl0	 0.50	 224	 0.50	 15.3
El	 0.60	 269	 0.40	 12.24
Ji	 0.625 280	 0.375	 11.47
Fl	 0.65	 291	 0.35	 10.71
C2	 0.68	 277	 0.32	 8.925
4.3.5.	 Effect	 of	 powder characteristics on	 mixing
behaviour.
The five hardmetal powders described in section 4.1.a, were
mixed in turn with a wax blend described as reference 018 in
section	 4.2.7.	 Mixing was conducted in a	 Brabender
Plastograph using the normal procedure. The ease of mixing
of each powder was assessed by recording; the volume loading
achievable, time and torque level required for mixing.
4.4. Mixing Techniques.
Three types of mixing procedure were investigated to identify
the most effective method in relation to the binder system
used. Assessments were based on the ease, economics and
effectiveness of mixing. The analysis was mainly confined to
wax based feedstock systems, in particular a composition
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consisting of 0.6 volume fraction hardmetal powder and 0.4
volume fraction of Hoechst OP montan ester wax. Thermoplastic
based binder compositions were omitted from the majority of
the techniques investigated because of the inherent
limitations of the mechanism employed, e.g. being primarily
low	 shearing	 techniques such methods	 were	 obviously
unsuitable	 for relatively high viscosity	 thermoplastic
resins.
The subjective property 'ease' of mixing was qualified by the
time taken to mix a mixture effectively. The effectiveness
of the mixing procedure was assessed by comparing the
rheological response of feedstocks produced from each method.
4.4.1. Ball milling.
A one litre ball mill charged with approximately 200 cc of
ceramic balls was used to conduct a dry blending operation.
A blend of 890 gms. of hardmetal powder and 40 gms of wax,
occupying a theoretical volume of approximately 100 cm 3 , was
poured into the ball mill. The milling operation was
suspended after 20 hours for inspection of the contents. The
powder composition was found to have caked onto the walls of
the mill thereby preventing effective mixing. The mixing
procedure was subsequently modified to produce a slurry
process by adding 130 ml. of ethanol to the previously caked
composition. Milling was then conducted for a period of 65
hours. The slurry formed was dried under vacuum 	 then
granulated ready for rheological analysis.
4.4.2. Solvent mixing wax based compositions.
Preliminary tests on a range of solvents indicated genklene,
at a temperature of 80'C, to be suitable for the inontan ester
wax binder. Mixing was conducted in an apparatus consisting
of a closed reaction vessel of 250 ml. capacity, a motor
driven stirrer, and a heated mantel. The reaction vessel was
charged with the following composition, firstly allowing the
wax to melt in the vessel at a temperature of 100C. then
forming a colloid by stirring in the genklene. Finally the
hardmetal powder was introduced in a gradual manner whilst
stirring.
Volume
fraction
0. 60
0 .40
Material
Hardmetal powder H13A
Hoechst OP wax
+ 40 cc genklene
Density
g / cm3
14.95
1.02
cc/4Occ gms
22	 330
18	 18.36
Mixing was continued for a further 90 minutes once all the
ingredients had been added to the vessel. The composition was
then poured into a drying tray and dried under vacuum at a
temperature of 120 C. The dried composition was granulated
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ready for rheometry.
4.4.3. Solvent mixing thermoplastics based compositions.
The	 following	 low density polyethylene	 based	 binder
compositions were produced using a solvent mixing process;
Ref Hardmetal	 LD657
vf	 gms	 vf	 gms
Ki	 0.5	 375	 0.45	 20.83
K2	 0.5 375	 0.45
K3	 0.6 360	 0.30
Wax
Type	 vf
OP wax 0.05
FR135 0.05
OP wax 0.10
gms
2.25
2.55
4.08
The compositions were produced by dissolving the polyethylene
in 90m1 of xylene at a temperature of 12OC to form a
colloid. The wax and hardmetal powders were then gradually
stirred into the colloid whilst maintaining a temperature of
130C. Stirring was continued for a further 60 minutes until
a uniform suspension was formed. The mixture was transferred
to a vacuum oven and dried at a temperature of l60C.
4.4.4. Shear melt mixing.
Intensive	 shear melt mixing was conducted by means of the
following equipment:-
a) Brabender Plastograph.
This is essentially a dynamometer connected to a heated
mixing chamber( model W30H) of 35cm3 capacity. The chamber
was uniformly heated using silicone fluid circulated from a
constant temperature reservior. Compositions Bi and 014 from
the previous sections 4.3.2.	 and 4.3.3,	 respectively, were
used in the assessment of this mixer.
	
The mixing procedure
adopted has been detailed previously in section 4.3.1. The
effect of hardinetal volume loading on the energy requirements
and ease of mixing was evaluated by comparing the torque
versus time plots of compositions 014,J1 and Fl.
b) Torrance Hydraulic Paste Mixer.
The performance of this type of mixer was investigated in
relation to its suitability in producing pilot size (1
litre) batches of wax based feedstocks. The mixer used was a
7.5kw paste mixer produced by Torrance and Sons, Bitton,
Bristol, UK. The design consists essentially of a close
tolerance trifoil blade within a jacket heated mixing bowl of
2.5 litre capacity. Shear is generated between the peripheral
edge of the trifoil blades and the chamber wall. Agitation
is provided by means of the rotor design, which encourages a
simultaneous radial and axial movement of the molten mass
during the mixing process. Strategically positioned horns on
the peripheral edge of the mixing blades prevented the
mixture from riding up the walls of the chamber.	 The
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following compositions were produced;
Compos it ion
Reference
04
018A
	
vf	 Material
	
0.6	 Hardmetal H13A
	
0.4	 Hoechst OP wax
	
0.65
	
Hardmetal H13A
	
0.175
	
Mobil wax 2360
	
0.10
	
Hoechst E wax
	
0.075
	
AC- 6A
Density	 cc/
g/cm3	l000cc	 gms
	
14.95	 600
	
8970
	
1.02	 400
	
408
	
14.95	 650
	
9717
	
0.91	 175
	
159
	
1.02	 100
	
102
	
0.92	 75
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Mixing was conducted using a chamber temperature of 95°C.
Approximately half the mass of hardmetal powder was poured
into the chamber and allowed to equilibrate for 60 minutes.
The molten wax blend was then introduced 	 and the mixer
blades rotated at approximately 30rpm. The remaining
hardmetal powder was added very carefully to the melt over a
period of 1. hour. The paddle rotation was gradually increased
and mixing proper performed for a period of 1.5 hours.
4.5 Temperature and Shear Dependence of Compositions.
A series of formulations, 	 each consisting of distinct
compositional characteristics, were considered for 	 more
detailed rheological studies and moulding 	 analyses.	 In
particular, a knowledge of a composition's melt viscosity
response to both temperature and shear is considered
important to the general understanding of its moulding
response. The following formulations were investigated to see
if specific inherent properties could be correlated to their
moulding behaviour ; LD5, 016, 014 and 018A. Their precise
compositions have been given previousl y
 in sections 4.3 and
4.4.
4.5.1. Investigation of the activation energy of viscous
flow.
The activation energy, E, of viscous flow was derived for
each composition using a superposition procedure developed by
Mendelson 176	 In contrast to many other methods of analysis
this method is considered to offer more accurate and
appropriate values of E, since in its calculation it utilises
flow behaviour data generated over a wide range of shear.
Additionally,	 the	 shear rate-temperature	 superposition
provides a master flow curve for a composition from limited
rheological data at different temperatures. Such curves may
be interpolated or extrapolated, within reason, to predict a
compositions flow response over a wider range of temperature.
The method involves calculating the temperature dependence of
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shift factors,	 St ,	 at constant shear stress.	 Shi.ft factors
are given by the ratio:-
Sr	 =	 ( ret) I	 (T)	 (23)
where	 (r	 is the apparent shear rate at an arbitrary
reference temperature corrosponding to a particu lar shear
stress, and	 (r)	 is the apparent shear rate at the same
shear stress but at a different temperature.	 In high
polymers, viscosity is an activated property involving
polymer chain segment mobility within the melt state. Hence
the shift factor - temperature dependence relationship can be
represented by an Arrhenius equation of the form;
(24)Sr	 =	 B. e (E/RT)
where; T is absolute temperature.
B is the activation energy of viscous flow.
B is a constant, frequency factor.
R is the gas constant.
By re-writing equation (24) in the following form;
	
log Sr
	
log B + E/(2.303 RT)	 (25)
the activation energy can be derived from the gradient of the
curve produced from plotting log Sr versus reciprocal of
absolute temperature on semi-log ordinates.
A series of flow curves, at different temperatures, were
produced for each composition using a Davenport extrusion
rheometer and applying a Couette-Hagenbach two die method as
described previously in section 4.2.4, with l.O9mm diameter
capillary dies. Shift factors were then obtained by
interpolation of the flow curves, at various shear stresses.
The average values of St were calculated and plotted against
values of reciprocal absolute temperature, and the activation
energy, E, derived from the gradient of the curve produced.
4.5.2. Temperature dependence of viscosity.
The temperature dependence, td, of viscosity of the various
compositions were compared by plotting values of apparent
viscosity, at constant shear rates, against melt
temperature, and apply a linear regression fit to the data.
Quantitative values of td were obtained by applying the
following expression over a wide temperature range;-
td	 = t log r1 / i T
	
(26)
where; r is the apparent viscosity
T is temperature.
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4.5.3. Shear dependence of viscosity.
The flow behaviour of each composition was determined by
assessing the change in the power index, n, with apparent
shear rate, . Each compositions behaviour was quantified
using the expression;
(n-i) = i log r I	 log	 (27)
The shear sensitivity, S, of each composition was determined
by comparing their low and high shear rate viscosities at a
series of melt temperatures, using the expression;-
S	
=	 q' / 9h.	 (28)
where the subscripts j , refer to low and high shear rates
respectively.
4.6 Moulding Behaviour of Compositions.
In	 the	 preceding	 investigations	 several	 feedstock
compositions	 possessing	 attributes	 of	 satisfactory
rheological behaviour and relatively high hardmetal powder
volume loadings were developed.	 However,	 imposed time
restrictions placed a limitation on the number of potential
feedstocks	 compositions	 that	 could	 be	 reasonably
investigated in the actual moulding process. A few
compositions were therefore selected for moulding trials.
Selection was based purely on the individual attributes each
possessed. It was anticipated that these attributes, when
considered in relation to their moulding behaviour, would
lead to a clearer understanding of the optimum compositional
properties required for moulding. Accordingly, the following
compositions, whose compositional details are given in more
detail in sections 4.3 and 4.4, were chosen;-
Reference
D8
014
04
Compos it ion
and volume fraction.
0.5 Hardmetal
0.5 Astor FF8332 wax
0.6 Hardmetal
0.4 Hoechst OP Wax
0.6 Hardmetal
0.4 Hoechst OP Wax
Attributes
Low viscosity, low volume
fraction composition.
Moderate volume fraction
composition.
Same as 014 but mixed
in a Torrance mixer.
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018A
	
0.65 Hardmetal
	
Low viscosity, moderate
0.35 wax blend	 volume loading composition
based on a wax blend and
mixed in a Torrance mixer.
018
	
0.65 Hardmetal
	
Similar to composition Ol8A
0.35 Wax blend
	
but mixed in a Brabender
mixer.
016
	
0.69 Hardmetal
	
High volume loading, high
0.31 Hoechst E Wax	 viscosity composition.
LD 5
	
0.6 Hardmetal
	
High viscosity thermoplastic
0.4 Thermoplastic	 based composition of
based binder	 moderate volume loading.
4.6.1. Moulding machine arrangement.
Moulding was performed on a Fox and Offord Unimoulder
injection moulder, which is a plunger type machine fitted
with inter-changeable plunger and barrel assemblies.
Investigations were conducted using a 19.0mm diameter barrel
fitted with a 4.6mm orifice nozzle. Adjustment of either
injection pressure or shear rate was instigated by means of
hydraulic valves fitted to the injection cylinder. The barrel
pressures and volumetric flow rates generated by the machine
are given in Appendix 1. Cavity filling was by means of
parting-line runner and gate systems in all mould designs
used.
It was found necessary to modify the injection units normal
operating mode to accommodate the low viscosity feedstocks
used. In particular, there was a tendency for these materials
to exude prematurely from the nozzle during the initial
stages of the plunger forward stroke. Consequently, the
expressed feedstock tended to freeze at the mould-nozzle
interface causing leakage of the material on the application
of full injection pressure. Therefore the moulding unit was
modified by; (a) rigidly fixing the nozzle and barrel
assembly so as to permanently abut the mould, (b) inserting
an insulation board at the interface to prevent localised
thermal conduction to the mould.
4.6.2. Spiral mould analysis.
The moulding response of each composition used in the
moulding studies, with the exception of compositions D8, 04
and 018, was determined by means of a spiral mould. This
provides an empirical method of assessing the moulding
characteristics of compositions. The analyses involved
filling a mould cavity consisting essentially of a long open-
ended duct in the form of an Archimedian spiral of semi-
circular section,	 of 2.37mm radii.	 Each compositions'
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moulding response and processing window was determined by
investigating the effects of processing parameters on spiral
flow length. The injection rate, pressure, 	 injection hold
and cooling periods were held constant at; 1.8 x 10
	
m3/sec,
15.1	 MNm1,	 10 seconds and 20 seconds	 respectively,
throughout the investigation.
4.6.3. Test bar mouldings.
Mould cavities in the form of simple rectangular test bars,
as illustrated in Figure 6, were used to investigate the
moulding response of compositions when subjected to different
processing parameters.	 The platen pressure was maintained
at 15.1 MNnr 2 during each test.	 Moulding reproducibility,
during the	 batch production process,	 was assessed by
monitoring the variation in density, p , of consecutive
mouldings using a mercury immersion method and applying the
fol lowing express ion;
pHg	 (29)
mass of the sample, mercury and
P
Where:	 Wi
W2
W3
W4
jOHs
=	 Wi -W
W3 - W4
is the combined
container.
is the mass of
is the mass of
is the mass of
is the density
temperature.
the mercury and container.
the submerged sample.
the submerged push rod.
of mercury at the test
The homogeneity in the density of mouldings was assessed by
two techniques. Firstly, the density variation along the
moulding axis parallel to the flow direction, was evaluated
by sectioning the moulded test bars into discrete units. The
density of each unit was then determined and an approximate
density profile developed. A second analysis was conducted to
determine the density variation through the cross-section of
mouldings. This was achieved by progressively removing the
peripheral layers from the mouldings and measuring the
density between each successive stage of layer removal. The
following expression, which is developed in Appendix 2, was
used to determine the density of the removed layer;
	
= f'o .to - a •t	 (30)
to	 -	 tfl
where;	 is the density of the removed layer.
is the original sample density.
is the new sample density.
t 0
 and t are the original and new sample thickness.
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This technique enabled a density map through the cross
section of mouldings to be established. Two values were used
to measure the density homogeneity, namely; the percentage
change in density between the sectioned piece and the
original moulding, and the maximum sectional variation in
density. Destructive testing was conducted on selected
mouldings to reveal any major defects such as large voids or
cracks. This involved fracturing the moulding and inspecting
the fractured surfaces at low magnification.
4.6.4. Complex hardmetal components.
The following components were moulded using composition
reference 018A which was developed in section 4.4.4;
(a) Spheres.
Spherical mouldings of approximately 4.9 mm diameter were
moulded using a double impression mould.	 The mould was
designed with a rectangular runner and gate. The cavities
were formed on closing the top and base platens of the mould,
each of which had hemispherical forms machined in them as
shown in Figure 7. Three runner and gating arrangements were
evaluated. These cavity feeding arrangements are illustrated
in Figure 8 and designated MOD1, MOD2 and MOD3. The mass and
bulk densities of each moulding were routinely determined by
methods previously described in section 4.6.3.
(b) Percussive mining tips.
A mould was produced with two different cavity forms, as
shown in Figure 7, each closely replicating oversized
versions of percussive mixing tips which were produced by a
major hardmetal component manufacturer. Detailed drawings of
the cavities are given in Appendix 3. The study however,
concentrated on mouldings produced from the cavity designated
'B' in this drawing. Various forms of runner and gating
arrangements were used to investigate the effects of cavity
filling behaviour on moulding integrity. These arrangements
are shown in Figure 9. The mass and bulk densities of
mouldings were assessed by methods previously described in
section 4.6.3.
4.7.	 Debinding.
4.7.1. Assessment of debinding parameters.
Studies were conducted to establish the kinetic parameters
associated with the decomposition of composition 018A given
in section 4.4.4. The thermogravimetric trace ( thermogram)
obtained	 from the decomposition of many polymers,
	 in
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particular olefins, often follows a relatively simple
sigmoidal path. This is characteristic of a material in which
the sample mass slowly decreases as the initial decomposition
reaction begins, then decreases rapidly over a comparatively
narrow temperature range, before finally tending towards an
asymptotic value as the reactant becomes spent. The shape of
the trace depends primarily upon the kinetic parameters
involved,	 i.e. upon the reaction order , n , frequency
factor, A, and activation energy, E. Besides being of major
importance in the elucidation of decomposition mechanism's
and in comparing the thermal stability of polymers it is
anticipated these parameters may be utilised in the modelling
of debinding heating profiles. This supposition is based on
the	 fact	 that the heating rate,	 RH,	 and rate	 of
volatilisation,	 R	 ( or - dw/dt), are related by the
following rate expression;
	
-dw	 = Rt	 =	 A . e -E/RT	 W'	 (31)
	
dt	 RH
where W is the mass of active material remaining for a
particular reaction and R is the universal gas constant.
A thermogravimetric balance, as shown in Figure 10, was
designed and constructed to study the debinding kinetics of
the feedstock. The balance was intentionally designed to
allow studies to be conducted in several types of non
corrosive atmospheres,	 i.e.	 inert gases, hydrogen, and even
vacuum. The kinetic parameters of debinding were
investigated using the Freeman and Carrol 177,178 method of
multiple heating rates, which involves conducting a series of
tests at different constant heating rates, whilst maintaining
all other parameters. By re-writing equation (31) it can be
shown that for a particular rate of heating the rate of
decomposition -dw/dt or Rt can be expressed as;
in Rt
	
= in A - E/RT + n.m W	 (32)
Hence, if W is held constant, a plot of in Rt versus l/T,
utilising data from the different thermograms should give a
linear relationship whose gradient will yield the value of E
and the intercept the value of A. A series of such plots
were produced using mouldings of approximately 0.5520 gm. The
reaction order, n, was evaluated by using a modified method
of Freeman and Carrol 177 which is based on the following
expression derived from equation (31) and applied to a single
thermogram produced from a constant rate of heating
In Rt
	
=	 n,	 in Wr - (
	
E/R ). L (l/T)	 .....(33)
whare Wr
	
is equivalent to the weight fraction of the
remaining binder. Hence, a plot of
	
ln Rt against	 ln Wr,
for a constant	 (1/T), should produce a linear curve whose
gradient yieids the reaction order, n. An approximate measure
of the initial order of the reaction	 was determined by
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Sample mass (gms)
normalised : -
Dimensions ( cm )
Volume ( cc )
Surface Area (cm2)
S.area/vol (cm')
Shortest mean path
t/mass ( cm/gm )
simply	 plotting	 values	 of - dw/dt against reciprocal
absolute temperature.
The effects of sample mass on the binder volatilisation
kinetics was studied by subjecting the following rectangular
shaped samples to a constant heating rate of 1°C/mm in a
dynamic atmosphere of dissociated ammonia;
0.86656
2.29
:- 0.339 xO.606
x 0.472
0.0969
1 .302
13 .44
(t), 0.169
5 . 124
0.58856
1.52
0.603 xO.292
x 0.399
0.0702
1.066
15.178
0.146
3.95
0.37886
1.0
0.361 xO.436
x 0.289
0.0454
0.775
17.05
0 . 144
2 . 60
binder
spheres
mass and
slight
would be
in the
n + 94%
en + 25%
ate	 was
o12.	 The
es	 were
The effect of debinding atmospheres on the
volatilisation behaviour was studied using moulded
as samples. As these are essentially of the same
geometry	 any	 spurious effects associated with
irregularities in the uniformity of test samples
eliminated. The following atmospheres were used
study; Argon, Nitrogen ( 02 free), 6% Hydroge
Nitrogen, 25% Hydrogen +75% Nitrogen, 75% Hydrog
Nitrogen	 and	 pure Hydrogen.	 The heating	 r
standardised at 1C/min throughout the investigatJ
volumetric	 flow rate of the dynamic atmospher
normalised to be equivalent to 50cc/mm of Hydrogen.
4.7.2. Generation of thermal debinding profiles.
The primary objective of this study was to develop suitable
thermal profiles, that is, heating rates and dwell periods,
which	 would	 completely dewax moulded samples	 without
disruption to their integrity. The economics of the process
at this stage were considered essentially to be of secondary
importance. The study was initially confined to simple test
bar mouldings produced from selected compositions and then
extended to include spheres and percussive mining tips
moulded from composition 018A as given in section 4.4.4.
The respective thermal profiles were obtained by adopting an
iterative procedure and using a Stanton AutoThermo-Recording
balance, model HT-F. During the course of each analysis the
samples were positioned on a packed bed of fine alumina
powder within the balance crucible. Design limitations
imposed by the furnace seals of the balance restricted test
atmospheres to inert gases. All analyses were conducted using
nitrogen (02 free) at a constant flow rate of 0.2 1/mm.
Suitable debinding temperature profiles were generated by
manual control of the heating rate of the thermobalance
furnace.	 A heating rate of 4C/min was applied until the
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first stages of binder volatilisation process was noted.
This was characterised by a slight deviation of the recorded
mass from a previous steady state condition on the trace of
the balance recorder. The temperature was then held constant
for a period until no further mass loss was detected, and
then increased at a constant rate, in a careful manner, until
another slight deviation of mass loss was observed. This
process was repeated until no further mass loss was noted.
The samples were then presintered by increasing the furnace
temperature to 820°C.
Each sample was inspected on cooling. If bloating or cracks
were observed the above heating process was repeated, but
modified by controlling the temperature to a level just below
those observed in the dwell periods on the previous test run.
After many iterations, and considerable time, satisfactory
heating schedules were established for certain compositions
and mouldings.
4.7.3. Debinding of moulded components.
Once satisfactory heating profiles had been derived from
investigations conducted using the Stanton Auto-Thermo
Recording balance, they were entered in the memory of a
Eurotherm 818P programmable controller which was then used
to control the temperature of a small tube furnace of 3.1cm
diameter. Mouldings were placed on a packed bed of fine
alumina powder in a refractory boat.	 The internal furnace
temperature was measured by means of a nichrome thermocouple
placed directly above the position of the boat. This
thermocouple was used in a feedback loop to the Eurotherm
controller so that precise temperatures could be maintained.
The furnace tube was fitted with end stops incorporating gas
entry and exit ports. The furnace gas was passed, in turn,
through a drying train consisting of:- molecular sieve, a
Englehard Deoxo purifier catalytic column, anhydrous copper
sulphate and magnesium perchlorate prior to being introduced
to the furnace. The gas passed through an oil bubble trap on
leaving the furnace. Studies were conducted using; Hydrogen,
Nitrogen, Argon, Helium, 6% H- bal.N2, 25% H2-bal.N2 and 75%
H2 -bal. N2 atmospheres, normalised to a flow rate equivalent
to 100 cc/mm. of Hydrogen.
4.7.4. Debinding by melt wicking.
Three different wicking medium were considered in a study of
a melt wicking process. These were comminuted; hydrated
magnesium aluminium silicate (fullers earth), limestone, and
fine alumina cement ( grade 101, Refractory Mouldings and
Castings Ltd, Derby.) The size distribution of each powder
is given in Appendix 4. Moulded test bars were packed in a
compacted bed of each powder, placed in a circulating air
oven, and subjected to isothermal heat treatment at a
temperature of 150°C. The samples were removed at frequent
intervals for visual inspection and weight checks.
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4.8. Sintering and metallographic analysis.
Sintering was performed in a Lenton model LTF 16B tube
furnace of 5.0cm diameter. The furnace temperature was
controlled by means of a Eurotherm 818P programmable
controller. Samples were packed in an alumina +6 wt. carbon
powder	 bed	 enclosed in a silica sheath. The following
temperature profile was adopted;
Stage
1
2
3
4
5
Heating
Rate
C/mm
15
15
15
15
15
Temperature
Level
.c.
450
855
1150
1250
1450
Dwell Period
(mm. )
5.0
20.0
5.0
30.0
50.0
In the first three stages of the schedule the furnace chamber
was flushed with dissociated ammonia in order to reduce any
oxide formation which may occur during the furnace transfer
operation. In the subsequent stages a partial vacuum was
applied to a level of 133 Pa using a rotary vacuum pump and
back filling with a slight flow of argon. Cooling was
achieved by natural convection! radiation and assisted at
temperatures below 800C by a flow of argon.
The density of sintered mouldings was assessed by means of a
water immersion technique in accordance with ISO 3369
procedures. Samples were sectioned and polished in order to
determine the level and type of porosity and presence of any
free carbon or other defects. These were quantified by
optical microscopy in accordance with procedures given in ISO
4505. The samples were etched with Murkhams reagent to reveal
the carbide grain structure by optical microscopy at high
magnifications. The hardness of selected samples was measured
by indentation using the Vickers HV30 scale. The coercive
force and magnetic saturation properties, of samples with
apparent satisfactory microstructures, were measured by staff
at Sandvik Hard Materials Ltd.
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5.	 RESULTS.
5.1. Powder and Binder Characteristics.
5.1.1. Particle shape and morphology.
The general shape and surface morphology of each
hardmetal powder used in this investi gation are shown
scanning electron
are found to be
surface textures.
micrographs of Figure 11. All the
angular in shape with apparently
type of
in the
powders
smooth
5.1.2. Powder bulk characteristics.
The bulk, apparent and tap densities of each powder together
with their respective specific surface areas and weight mean
particle diameters are presented in Table 2. The densities
given are relative to an assumed median theoretical value of
14.95 g/cm3 for this grade of powder. The size distributions
of each powder, with the exception of the submicron grade
CR2809 powder, are presented in Figure 12. The Sandvik powder
was found to have a comparatively narrow size distribution
with an upper size limit of approximately 8.Oi.im whereas the
other powder grades appear to have an upper size limit of
20pin. The submicron powder produced spurious results owing
essentially to difficulties encountered in producing an
effective dispersion.
Values of the cumulative powder count of particles within
discrete size ranges are tabulated in Table 3. Plots of
cumulative powder count versus particle volume of each powder
are presented in Figure 13. The results indicate that all
powders, with the exception of the Sandvik powder, exhibit a
high level of agglomeration. This is deduced from the
inflexion of the curve at high values oi particle 'olme. ki&
the powders, without exception, failed to flow freely through
the Hall Flow meter. This condition is essentially due to the
high surface energies associated with these fine powders.
5.1.3. Total carbon and contaminants content.
The total carbon contents, as determined by gravimetric
analysis, of both a Sandvik grade HI3A and an Anderson
Strathclyde grade CR2805 powders are presented in Tables 4
and 5 respectively. Both powders contain a carbon level in
excess of the upper stoichiometric tolerance of 5.76% wt
associated with these grades of tungsten carbide + 6%wt.
cobalt alloys. A 0.58 Z weight loss was recorded on
conducting thermogravimetric analysis on the as-received
Sandvik H13A powder in hydrogen.
5.1.4. Binder volatilisation characteristics.
The rates and associated temperature range of volatilisation
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of various polymeric materials are presented in Table 6. It
is clear from this data that volatilisation is a function of
binder molecular weight with low molecular weight species
polymers, in particular paraffin waxes, volatilising at lower
temperatures in comparison to their high molecular weight
counterparts such as low density polyethylene. Several
materials, particularly the polyethylene glycols, volatilise
rapidly over a narrow temperature range. In contrast several
polyethylene waxes, such as grades; A616, PB and AC-6A,
together with the montan ester waxes E and OP are found to
volatilise over a wide range of temperature. The latter wax
appears to possess the most beneficial volatilisation
behaviour, i.e. displaying an almost constant decomposition
rate over quite a wide temperature range of 36OC to 460C.
The first derivatives of the thermogravimetric curves,
(-dw/dt ), of some of these materials are presented, for
comparison, in the thermograms of Figures 14 to 16.
The data in Table 6 also indicate that the majority of the
waxes, oils and thermoplastics studied undergo total
decomposition without forming ash or residues. The most
obvious exception to this are the; montan ester wax OP,
carnauba, Wilkins 16203B waxes and the polyethylene glycols
which produced residues of approximately 3.5% , 0.4%, 0.8%
and 1.0% weight respectively. Traces of calcium were found in
the Hoechst OP wax following electron probe microscopic
analysis.
5.1.5. Rheological behaviour of binder materials.
The apparent viscosity and rheological characteristics of
high melt flow index grades of low density polyethylene,
linear low density polyethylene and ethylene vinyl acetate
are illustrated in the rheograms of Figure 17. The materials
display typical pseudoplastic behaviour, and tend towards
relatively low melt viscosities at high rates of shear. The
low density polyethylene was found to exhibit a high
temperature dependency of viscosity, as indicated by the
large change in apparent viscosity with melt temperature. The
ethylene vinyl acetate was less sensitive to changes in shear
than the polyethylenes.
The shear dependence of viscosity of the various waxes are
illustrated in Figure 18. These materials are essentially
Newtonian	 in	 behaviour,	 with	 melt	 viscosities	 of
approximately	 two orders of magnitude lower than	 the
thermoplastic resins studied.
5.1.6. Dielectric permittivity of binder materials.
The dielectric permittivity ,e, of select wax and
thermoplastic materials at various temperatures are shown in
the Deta scans of Figures 19 to 25. The montan ester E,
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carnauba grey and amide C micro waxes possessed significantly
higher dielectric constants, in the melt state, than the
other materials analysed.
5.1.7. Temperature dependency of binder density.
The temperature dependency of the specific gravities of a
Hoechst E wax and the wax blend, reference 018, are shown in
Figure 26. The former wax displays typical characteristics
of a semi-crystalline structure with a definite melting
point, Tm, at approximately 81C. In contrast, the wax blend
which consists of microcrystalline , polyethylene and montan
ester E waxes, has the characteristics of an amorphous
material with a melting range between 50C and lOOC. The
specific gravity, hence specific volume, of the wax blend is
less affected by temperature than the Hoechst E wax. The
respective changes in their specific gravities are calculated
as l6.9 and l9.5Z from their ambient condition.
5.1.8. Compatibility of wax blends.
Melting enthalpies of the Mobil 2360 microcrystalline, AC-6A
polyethylene and Hoechst montan ester E waxes are presented
in Figures 27, 28 and 29 respectively. The D.S.0 enthalpy
curve for the 018 wax blend is presented in Figure 30. The
results indicate the presence of four distinct endotherms of
melting at approximately 58C, 78C, 85C and 97C. These
endotherms are at variance with the endotherms of the pure
constituents, with an apparent shift in the peak endotherm
temperature	 of	 the microcrystalline wax to a	 higher
temperature,	 and	 a reduction in the	 peak	 endotherm
temperature of the polyethylene wax.
5.2. Rheology of Thermoplastic Based Feedstocks.
5.2.1. Thermoplastic based binder compositions.
The	 rheological	 behaviour	 of compositions	 based	 on
plasticised thermoplastic binders containing 0.6
	
volume
fraction hardmetal powder are presented in the rheograms of
Figure 31.	 At low shear rates both the linear low density
polyethylene and ethylene vinyl acetate compositions appear
to be Newtonian in behaviour but gradually revert to
pseudoplastic behaviour when subjected to higher rates of
shear. The latter composition possesses the lowest apparent
viscosity at comparable temperatures, but its overall flow
response is considered too erratic, exhibiting a high shear
sensitivity at 150C. In general, the apparent viscosities of
these filled systems are found to be an order of magnitude
greater than those of their respective base polymers. The
polystyrene based composition was found to compact within the
barrel of the rheometer, even on testing at temperatures up
to 200 C C. All the compositions displayed negligible die swell
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during their rheological assessment.
5.2.2. Plasticiser and powder volume loading effects.
There was a tendency for the low density polyethylene based
binder compositions,	 of moderately high powder volume
loadings,	 i.e.	 > 60%, to invert from pseudoplastic to
dilatant	 behaviour	 above a	 critical shear	 rate	 of
approximately 500 s_ i , as shown in Figure 32. On the
otherhand	 compositions containing powder loadings below 60%
volume were found to be consistently pseudoplastic 	 in
behaviour over a wide	 range of shear.	 The rheograms
presented in Figure 32 also indicate that incorporating low
molecular weight hydrocarbons into the binder tends to
depress the pseudoplasticity of the composition. It is also
observed, from comparing the rheograms of Figures 31 and 32,
that increasing the proportion of waxes in the binder
produces a significant reduction in the apparent viscosity of
the composition. Composition LD5 was subjected to a more
detailed investigation during which it was observed that
increasing the melt temperature of the composition above
150 0 C only produced a marginal reduction in the 	 melt
viscosity	 and an increased tendency towards 	 Newtonian
behaviour.
5.3. Rheology of Low Viscosity Based Binder Feedstocks.
5.3.1 Compositions of low and moderate powder concentrations.
Several of the compositions of series D, c.f. section
4.3.3.b, were found to compact, to varying degrees, in the
barrel of the rheometer, irrespective of the test temperature
used. These were compositions; D4, D6, and D7. Considerable
wax segregation was observed to occur immediately prior to
their compaction. This was indicated by the expulsion of a
very fluid wax-like material from the capillary die during
the application of pressure. Composition reference Dl was
found to be very sensitive to the test temperature, and only
flowed with pseudoplastic behaviour when tested in the
temperature range 56°C to 58°C. When tested outside this
range the composition tended to segregate. The rest of the
compositions of series D were found to pseudoplastic in
behaviour as shown in Figure 33. The lowest melt viscosities
were recorded from compositions D9 and D10 which were
produced from carnauba and Hoechst OP montan ester waxes
respectively. These compositions were also found to produce a
rigid extrudate. In contrast, composition D2 produced a
comparatively flexible extrudate.
On evaluating the rheological behaviour of the compositions
of series E,
	 c.f. section 4.3.3.b, it was found that all the
compositions, with the exception of; 014, El and E4,
displayed acute characteristics of wax segregation, and
eventually compacted in the rheometer barrel. However, both
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compositions 014 and E4 exhibited typical pseudoplastic flow
behaviour, as shown in Figure 34, but with a slightly
increased apparent viscosity associated with higher powder
loadings. Composition El, which is based on polyethylene wax
PB as a binder exhibited near-Newtonian behaviour over a
wide range of shear. This characteristic is considered
sirabLe, since, as shown in Figure 1, Newtonian fluids
represent a neutral behaviour between pseudoplasticity and
dilatancy. Consequently such systems may have very little
tolerance before inversion to dilatancy.
The rheological behaviour of compositions of series F, c.f.
section 4.3.3.b, which contain 0.65 volume fraction hardmetal
powder were assessed. All compositions, with the exception of
composition P3, were found to flow without exhibiting wax
segregation. Composition Fl was found to have a critical
shear rate of 600 s- i at a test temperature of 135C as shown
in Figure 35. On exceeding this shear rate the composition
exhibited a reversible inversion from pseudoplasticity to
dilatancy. However, this result is inconclusive since the
inversion behaviour can be	 ratd by
temperatures. This conclusion is drawn from the results of
further studies in which compositions based on the same wax
system but of higher powder volume loadings i.e 68Z, were
found to flow with pseudoplastic behaviour at test
temperatures of 168C, as shown in Figure 35.
Both compositions P2 and P4 displayed similar
characteristics with the respective critical shear rates
being 170 s1 and 250 s 1 at melt temperatures of 100C and
89C. The flow behaviour of the latter composition is
presented in Figure 36. Additionally, both compositions
appeared to undergo considerable volumetric shrinkages as, on
cooling within the Brabender mixing chamber, considerable
cracking, associated with shrinkage Induced stresses, were
noted in both cooled masses. This characteristic was less
prominent with previous compositions.
5.3.2. Compositions of high powder concentrations.
During an investigation of the mixing and rheological
behaviour of highly loaded compositions of series C several
observations were made. In particular all the compositions
did not exhibit die swell, and all were found to undergo
considerable shrinkage on cooling. The carnauba wax based
binder composition, Cl, was found to be pseudoplastic in
behaviour at a melt temperature of 135C and shear rates
below 790 s_ i , but exhibited a reversible inversion to
dilatancy at higher rates of shear.
Composition C2 would only flow with a consistent
pseudoplastic behaviour at a melt temperature of 168°C as
shown in Figure 35. Lower melt temperatures resulted in
erratic and
	
eventual dilatant flow behaviour. Composition
C3 tended to behave as a Newtonian fluid at shear rates in
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excess of 500s' and a melt temperature of l26C. The flow
behaviour of composition 016 was found to be temperature
sensitive. In particular, when subjected to high rates of
shear at a melt temperature of 135C the composition
exhibited a reversible tendency towards dilatancy as shown
in Figure 37. However, on increasing the melt temperature to
150C	 the	 composition displayed 	 near-Newtonian	 flow
characteristics as illustrated
	
in Figure 37. The most
critical	 parameters	 affecting the flow	 response	 of
compositions are considered to be volume loading and melt
temperature. Slight increases in melt temperature or
reductions in the powder volume loading often resulted in
consistent pseudoplastic behaviour. This is demonstrated in
the	 data presented in the rheograms of Figures 35, 36 and
37.
5.4. Rheology of Mixed Low Viscosity Binder Feedstocks.
The following observations were made on conducting rheometry
on the compositions of series G.	 Incorporating	 high
molecular	 weight species of	 polyethylene	 glycol,	 in
particular 4000 and 6000 grades, in montan ester based binder
systems,	 resulted in an increase in the apparent viscosity
of compositions. This is illustrated in the rheograms of
Figure 38.	 Binders incorporating low molecular 	 weight
polyethylene	 glycols,	 typically	 below 1000,	 produced
compositions with erratic flow behaviours that tended to
segregated	 and eventually compacted when subjected to high
rates of shear.
In contrast, the incorporating paraffin wax in montan ester
based binder systems reduced the apparent viscosity of
compositions. The magnitude of viscosity was an.
function of paraffin wax content, ceteris paribus. This is
illustrated in the rheogram of Figure 39. It would appear
that paraffin wax is a more suitable plasticiser for montan
ester waxes. However there is a maximum limit to the amount
of	 adulteration tolerable as indicated by the results of
rheotnetry on compositions G 9, G 10 and 11. otc
compositions G 10 and G 11, in which the respective binder
volumes consist of 30 and 66% paraffin wax, were found to
invert to dilatant flow behaviour, accompanied by severe wax
segregation, on being subjected to shear rates in excess of
500 51 Yet composition G 9, in which the paraffin wax
content represented only 10% of the binder volume, was found
to flow with typical pseudoplastic behaviour, and possessed a
lower	 apparent	 viscosity than comparable	 compositions
produced from unplasticised binders
There was a marked reduction in the level of shrinkage
associated with the cooling of compositions of series H which
contain	 ternary blends of wax as	 binders.	 All	 the
compositions were studied over a shear rate range of 128 	 1
to 1794 s_ i . Both compositions 019 and 020 exhibited very
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erratic near-Newtonian flow behaviour, with approximate
apparent viscosities of ii Pa.s at a melt temperature of
150C. In contrast, composition 018 displayed consistent near
Newtonian flow behaviour, with an apparent viscosity of
4OPa.s at a melt temperature of 1l5C.
5.5.	 Effect	 of Powder Volume Loading on Rheology of
Compositions.
The rheograms of Figure 35 indicate that the apparent
viscosity of a composition increases with powder loadin g , and
that compositions of low powder loadings tend towards
Newtonian behaviour at high rates of shear.
A	 mathematical	 model	 was developed to	 establish	 a
relationship between composition powder volume loadin g
 and
apparent viscosity. Values of apparent viscosity,
	 ha , at
shear rates of 100 s and 300 s , were interpolated from
Figure 35. These values are tabulated in Table 7. When
plotted against hardmetal volume fraction, on semi-log co-
ordinates a linear relationship was found to exist. Such a
curve can be represented by a power law function of the
type : -
Ta	 =	 A e(1Y)	 (34)
where, A and k are constants and V is powder volume fraction.
The above expression may be developed further, to describe
the composition more explicitly in terms of the binder
viscosity, by using the following relationship-
fir	 Ta / 110	 (35)
where fir is the relative viscosity and the viscosity of
the pure binder. The binder for the system studied was a
Hoechst OP montan ester wax, which according to the data of
Figure 18 has an approximate viscosity of 0.3 Pa.s at l03C.
In the analysis it was assumed that temperature 	 had a
negligible affect on the wax viscosity, hence this value was
used	 to determine the relative viscosities as given in
Table 7, at a temperature of 135C. The following general
expression was then used to describe the 	 relationship
between	 powder	 volume loading,	 binder viscosity	 and
composition apparent viscosity
=	 e('')	 (36)
which can be re-written as:-
In	 = ln	 4- kV	 (37)
Therefore plotting the values of in 11r against V for the two
shear rates, as shown in Figure 40, 	 yields a solution to
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equation (37). The particular solution for this powder and
binder system at a temperature of 135C and powder volume
fraction between 0.5 and 0.65, was found to be:-
fir	 =	 B . e 18.8V
	
(38)
where the constant B, a shear rate dependent variable, is
found to be equivalent to 8.65 x l0 and 4.12 x l0 for
shear rates of 100 s_ i and 300 s' respectively.
5.6. Mixing Behaviour and Procedure.
5.6.1 Influence of Powder Characteristics.
The results of the mixing study conducted
powder using a wax blend, as described in
a binder are given in Table 8.
5.6.2. Powder loading and binder effects.
on five types of
section 4.2.7. as
Data obtained during the process of shear melt mixing
compositions of various powder volume loadings with wax and
thermoplastic based binder systems are presented as torque
versus time graphs in Figure 41.
5.6.3. Effect of various mixing procedures on rheology.
The rheological behaviour of wax based binder compositions
produced by; shear melt, ball milling and solvent mixing
procedures are presented in the rheograms of Figure 42 . The
rheological characteristics of thermoplastic based binder
compositions, produced by a solvent mixing process, are
presented in Figure 43.
5.7. Shear and Temperature Dependency of Compositions.
Rheological data in the form of shear rate, shear stress.
apparent viscosity and the power index (n-i) of compositions
LD5. 014, 016 and 018A at various melt temperatures are
presented in Tables 9 to 12 inclusive. The respective flow
curves are presented in Figures 44 to 47. The reference flow
curves used in the determination of their respective
activation energies using Mendelsons superposition method are
presented, for comparison, in the rheogram of Figure 48.
Shift factors, Sf , derived from the above flow curves are
given in Tables 13 to 16. Graphs of log Sf versus reciprocal
of absolute temperature are presented in Figures 49 and 50.
The curves were produced by applying a geometric regression
to the data. Activation energies, E, calculated from the
gradients of these curves, are presented in Table 17. Both
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the shear sensitivity and temperature dependency of each
composition are calculated and presented in Tables 18 to 21.
Their effects on the compositions' apparent viscosity are
illustrated graphically in Figure 51. The precision of the
Mendelson's superposition method for predicting the
temperature dependent flow behaviour of these compositions
was tested by plotting the relevant 'shifted' flow curve data
points and observing their correlation with the reference
flow curve. This analysis is confined to data from
composition 018A and the subsequent data points and reference
flow curve are given in Figure 52.
5.8. Moulding Trials.
5.8.1. Spiral mould analysis.
The results of spiral mould studies conducted on compositions
018A, 014 and LD5 are presented in Tables 22 to 26. Some of
the data has been presented in Figures 53 and 54 to
graphically illustrate the effects of injection pressure and
moulding temperatures on the spiral flow length of the
compositions. Composition 016 displayed almost negligible
flow in the mould cavity, producing mouldings typically 1.5
cm in length, even when using a melt temperature o L°t anx
injection pressures of 12.5 MNm 2 . The flow length was even
less when injection rates greater than 9.7 x 10
	
m3/sec,
equivalent to nozzle shear rates of 102 s_i, were used.
5.8.2. Test bars.
The weights of test bar mouldings were found to vary
considerably because of inconsistencies in the lengths of the
attached gate regions. The gate regions were therefore cut
from the mouldings and green density was used as the
variable in the determination of the effects of processing
conditions.
(a) Composition D8.
The weights and densities of slender test bar mouldings
produced from composition D8, using various injection
pressures are given in Table 27. The data indicates that
increasing the injection pressure not only produces a
marginal increase in green density, but increases the batch
variance. Data reflecting the variance in the cross-sectional
density of mouldings are given in Table 28. The peripheral
layers of mouldings produced were found to be significantly
lower density than their cores, resulting in a considerable
variance,	 217., in their cross-sectional density.
(b) Compositions 04 and 014.
The	 densities	 of impact bar mouldings produced 	 from
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composition 04, under various processing conditions, are
given in Table 29. The data indicates that high injection
pressures, melt temperatures and moderate injection rates
produce mouldings with high green densities. Mouldings are
found to adhere to mould cavity surfaces at mould
temperatures in excess of 30°C and contain fractures when
moulded under simultaneous conditions of high melt and low
mould temperatures. The data of Table 30 suggests a tendency
for the green density of mouldings to decrease along the flow
axis.
The green densities of slender bar mouldings produced from
composition 014 are, in general, found to increase with
increases in either mould temperature or injection hold
period as shown in the data of Table 31. Mouldings were also
found to adhere to the mould cavity surface at temperatures
in excess of 50°C. The measured green densities of these
mouldings were marginally greater than those produced from
composition 04.
(c) Compositions 018 and 018A.
The measured green densities of mouldings produced from
composition 018, using various injection pressures, are given
in Table 32. The data indicates moulding density to be
directly proportional to the applied injection pressure.
However, the mouldings	 tend to be over-packed within the
mould cavity when injection pressures exceed 10.3 MNm2.
The mouldings produced from composition 018A under similar
processing conditions were found to have lower green
densities; this property being relatively independent of melt
temperature and injection rate
	
as shown in Table 33.
However, the mouldings tend to be over-packed and utimately
fractured when produced at high melt temperatures	 and
injection pressures greater than 8.2 MNm2.
The moulding data obtained from both compositions indicate a
reasonable	 consistency in the batch green densities of
mouldings. Only a slight	 variance exists in the green
density in both the flow and cross-sectional axis of
mouldings produced from composition 018 as shown in Table 34
and Table 35 respectively. From the latter set of data it is
shown there is a tendency to mouldings produced at low
injection pressures to exhibit a greater variance.
(d) Composition 016.
The effects of injection pressure and temperature on the
green densities of slender bar mouldings produced from
composition 016 are given in the data of Tables 36(a) and
(b). From the limited moulding data obtained moulding green
density appears to be inversely proportional to the injection
pressure, and high pressures typically > 4.8 MNm 2 , produce
over-packing in the mould. This condition was even more
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prevalent with low mould temperatures. In addition, 	 high
melt temperatures in combination with low injection hold
periods were found to produce mouldings with
	
low green
densities.
The cross-sectional density variation of mouldings produced
under various injection pressures are given in Table 37.
There is a tendency for the variance to increase with
injection pressure. In general the density of the peripheral
layers of mouldings are greater than the moulding core and
the variance increases with injection pressure.
(e) Composition LD5.
The effects of injection pressure on the green densities of
slender bar and half-impact bar mouldings are given in Tables
38 and 39 respectively. The data indicate that moulding
green density is independent of injection pressure for the
conditions used. An analysis of the cross-sectional density
variation of mouldings is presented in Table 40. The data
suggest considerable variance exists which increases with
pressure but is less evident in the larger half-impact bar
mouldings.
(f) Integrity of inoulded test bars.
Observations made during the course of investigating the
fractured surfaces of mouldings are summarised in Table 41.
Internal cracks were observed in the majority of fractured
inouldings produced from composition 016. A typical example of
this defect is presented in Figure 55. The voids observed in
the fractured surfaces of bars moulded from composition 04
were approximately 0.5 mm in size. These defects appear to be
most prevalent in mouldings produced using high injection
rates. The two mouldings of composition LD5 analysed were
found to contain slight voidage. In contrast. mouldings
produced from composition 018A were essentially free of
visible defects.
5.8.3. Spheres.
The measured weights and densities of spherical mouldings
produced from moulds with various gate and runner
arrangements are given in Tables 42,43, and 44. The data
indicate that moulding green densit y is greatly affected by
the design of the cavity feed system. In particular,
mouldings produced from the mould design configuration MOD1,
of Figure 8 were sectioned in their green state and found to
contain a large number of pores of	 0.25 mm diameter. Only
minor, random and infrequent voidage was found in the
sectioned green spheres produced from mould design
configuration 10D2. The sectioned green mouldings produced
from mould configuration MOD3 contained gross cracks as shown
in Figure 56. In addition, the presented data suggest that
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moulding green density may be enhanced by	 increases in
either	 injection pressure,	 melt temperature or	 mould
temperature.
5.8.4. Mining tips.
The measured weights and densities of percussive mining tip
inouldings produced using a mould with a straight entry gate
arrangement, as shown in Figure 9 (a) are given in Table 45.
The green densities of mouldings produced with this
arrangement appear to be unaffected by injection pressure.
The mode of mould filling produced by this gate design is
depicted in the 'short-shot' moulding of Figure 57. No
visible internal defects were observed on the cut surfaces of
sectioned green mouldings P2 and P6 given in Table 45.
The weights and densities of percussive mining tip mouldings
produced under various processing conditions using an
oblique gating arrangement, as shown in Figure 9 (b), are
presented in Table 46. The green densities of mouldings are
found to be relatively independent of injection pressure at
high melt temperatures but show a correlation at moderate and
low melt temperatures, with a tendency for the density to
increase with pressure. In addition, the appearance of weld
line type defects on the surface of mouldings were more
prominent at high injection rates.
5.9. Debinding Studies.
5.9.1. Effect of sample mass on volatilisation kinetics.
The	 effects	 of sample mass on the rates of 	 binder
volatilisation are shown in the data of Table 47 and
presented in Figure 58. From the data given volatilisation
rate, Rt , appears to be a function of the sample mass or,
more precisely, the sample binder content. However, when the
peak rate is considered in terms of the available binder it
is found to be a constant at	 255 mg/mm/gm. Volatilisation
rate is found to be a linear function of sample mass at
temperatures greater than 300C as shown in Figure 59. This
relationship was readily modelled by an exponential function
for which a general solution is:-
-dw/dt = Rt
	
A.e 1.512	 (39)
where; Rt is the rate of volatilisation C mg/rein.), A is a
constant dependent on temperature, mis the sample mass and
the rate constant at 390C is 1.512.
5.9.2. Effect of debinding atmosphere.
The derivative thermograms presented in Figures 60 (a) and
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(b) illustrate the effects of various gaseous atmospheres on
the volatilisation behaviour of the wax binder in moulded
spheres when subjected to a heating rate of 1°C 1mm. The
data indicate that atmospheres with high hydrogen contents
result in lower peak volatilisation temperatures. There was
no apparent difference between the debiriding behaviour in
argon and nitrogen atmospheres, but binder volatilisation
terminated at lower temperatures with these gases. The weight
losses associated with each atmosphere are as follows;
Atmosphere.
100% Hydrogen
75% Hydrogen -
25% Hydrogen -
6% Hydrogen -
Argon
Nitrogen (
bal. Nitrogen
bal.
94%	 'I
02 free )
% Weight Loss
3.91
3.85
3.64
3.52
3.64
3.49
The data indicate a strong correlation between debinding
atmosphere hydrogen content and degree of binder removal. In
general, the higher debinding atmosphere hydrogen content the
greater degree of binder removal under the given conditions.
5.9.3. Kinetic parameters of debinding.
The data obtained from an investigation of the volatilisation
behaviour of samples, of constant mass, in a dynamic 75%
hydrogen + 25% nitrogen atmosphere, conducted at heating
rates of l0C , 5°C and 3°C 1mm are presented in Tables 48,
49 and 50 respectively. The data are presented graphically in
Figure 61. An obvious characteristic confirmed by the data is
that volatilisation rate is directly proportional to the
applied rate of heating. For instance, doubling the rate of
heating produces an approximate commensurate increase in the
rate of volatilisation and also tends to produce a shift in
the therinogravimetric trace to a higher temperature.
Ten discrete values of conversion, ranging from 24% to 73%,
were considered in the analysis of the kinetic parameters of
the debunding process. The respective values of Ln P 	 and
corresponding temperatures were interpolated from the
tabulated data and thermograms. These are presented in Table
51. Curves of Lii Rt versus reciprocal temperature were
produced for each level of conversion as shown in Figure 62.
The approximate activation energies for each level of
conversion were obtained from their respective gradients. The
energy is found to be dependent on the degree of conversion,
and as the volatilisation proceeds the energy requirements
increase before eventually reaching a peak value at 	 53%
binder loss as shown in Table 51.
Values of Ln Rt andLtLn W.. were calculated from
thermogravimetric data obtained from the sample heated at
5°C/mm. These are presented in Table 52. It can be seen
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there is considerable scatter in the data, making an accurate
estimate of the reaction order,n, impossible. However, the
reaction order during the initial stages of binder
volatilisation was obtained by simply plotting values of Ln
Rt against concomitant reciprocal temperatures as shown in
Figure 63. The linearity of the curves suggests the reaction
approximates to zero order in the range 1.5% to 31% of binder
decomposition. The corresponding activation energies, as
derived from the gradients of the curves, are found to be 31
KJ/mol and 66.5 KJ/mol for conversions levels of 1.5% to 4.7%
and 7% to 31% respectively. Applying the same method of
analysis to conversion levels greater than 31% was found to
produce too much scatter in the data to enable a credible
analysis to be made.
5.9.4. Debinding of moulded components.
Simple thermogravimetric analysis conducted on samples taken
from mouldings of compositions 04, 018A, 014 and 018 revealed
a deficit in the binder contents of the latter Brabender
mixed compositions. The respective binder contents were
typically 0.375 and 0.33 volume fraction, representing
deficits of approximately 6 % from nominal values.
Satisfactory heating schedules were developed for the thermal
debinding of slender test bar, sphere and percussive mining
tip mouldings produced from composition Ol8A. These are
presented	 in Table 53 and were developed for use in
conjunction	 with a dynamic 75% hydrogen + 25% nitrogen
( dissociated ammonia) atmosphere. Even in the initial stages
of the debinding process, before any binder volatilisation
occurred, it was still necessary to apply a gradual heating
rate to an approximate temperature of 200°C. particularly
when debinding the larger bar and mining tip mouidings, as
initial high rates of heating caused the components to bloat
and crack. The precise rate of heating during this period was
dependent on section thickness. ku t'ne monXàings were lound
to be self supporting during the debinding process. However
as a precaution,	 and in order to achieve temperature
uniformity, they were packed in fine alumina powder.
Percussive mining tips produced from the straight entry
gating arrangement were found to contain gross cracks on
their sectioned surfaces after being subjected to the
developed debinding schedule. These defects are illustrated
in Figure 64. In contrast tips moulded at moderate injection
rates using the angled gate entry arrangement, as illustrated
in Figure 9 (b), were found to be free of visible defects.
Slender test bar tnouldings of composition 04 were found to
slump during the initial low temperature heating stage of the
debinding process. En contrast samples taken from moulded
test bars of composition 014 were found to be self
supporting. A general observation made during the debinding
studies was that samples exposed to heating rates producing
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volatilisation rates in excess of 1.6 x lO Z mass/mm,
invariably bloated or cracked. Careful control of the heating
rates , particularly below 200c, was considered imperative
in order to maintain the integrity of moulded components. A
satisfactory debinding schedule was developed for use with
slender bar mouldings from this composition.
	
This	 is
illustrated in Figure 65.
A satisfactory heating schedule was developed for slender bar
mouldings produced from composition 016. This is illustrated
in Figure 66. Severe cracks and bloating occurred in the bars
when the volatilisation rate exceeded 9.6 x 1O % mass/mm.
This was more applicable during the initial stages of
heating. However, when sectioned, the majority of debound
mouldings invariably contained slight internal cracks. These
defects were believed to originate from the moulding process
rather than incorrect debinding procedures.
A slender bar moulding produced from composition D8 was
subjected to the following generous gradual heating profile;
Cumu 1 at iv e
Time (hrs)
0
6.75
29
Heating
Rate C/min
4
4
Temp. Dwell
(hrs)
203	 6
230	 22
On cooling the sample was sectioned and found to contain a
series of circumferential cracks as illustrated in Figure 67.
5.9.5. Effectiveness of melt wicking substrates.
The results of tentative studies conducted to establish the
effectiveness of various wicking materials in removin, t
binder from mouldings of composition 018A are presented in
Table 54. The data indicate that the greatest benefit, in
terms of the time taken to debind, may be derived using
comminuted hydrated magnesium aluminium silicate (fullers
earth). This material was considered satisfactory provided
the temperature of debinding was limited to below 5O0C.
Temperatures in excess of this value resulted in 	 the
pyrolysis of the wax impregnated fullers earth which produced
a highly carbonaceous product.
5.10. Characteristics of Sintered Components.
5.10.1. Sintered microstructure of components.
The structure of sectioned sintered slender test bars
debound in various gaseous atmospheres are presented in the
photomicrographs of Figure 68. All the samples, with the
exception of those debound in hydrogen rich atmospheres,
contained	 pore—like	 defects	 as	 illustrated	 in	 the
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photomicrograph of Figure 69. Similar defects were also noted
in samples debound in helium. A Cambridge model 2A mass
spectrometer was used to analyse both the areas of apparent
porosity and the sintered substrate. The mass analysis
revealed the presence of graphitic type structures in the
apparent pores. This is demonstrated by the negative ion
traces of the respective areas as shown in Figures 70 a and
70 b.
A sintered hardmetal percussive mining tip produced by the
developed injection moulding process is shown in Figure 71. A
typical macrostructure of sintered tips produced from a
mould design with an oblique gating arrangement, at moderate
injection rates, is presented in Figure 72.
Both as moulded and sintered hardmetal spheres produced from
the injection moulding process are shown in Figure 73. A
typical macrostructure of a moulded sphere produced from the
vented mould design arrangement MOD2 cavity is shown in
Figure 74.	 The photomicrograph of Figure 75 reveals an
etched carbide grain structure typical of components debound
in hydrogen rich atmospheres.	 The general quality and
porosity	 content of the sintered	 microstructures	 of
components debound in hydrogen rich atmospheres conformed
approximately to the designated porosity levels; A02/04,
B02/04 and CO2/04 of the ISO 4505 standard.
5.10.2. Sintered properties and shrinkage.
The measured hardness, coercive force and magnetic saturation
of various sintered components, which were debound in
hydrogen rich atmospheres, are presented in Table 55. The
densities	 and	 linear shrinkages of various	 sintered
components are presented in Table 56.
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6 DISCUSSION.
6.1. Powder Characteristics and Mixing Behaviour.
6.1.1.	 Powder density and surface area.
The measured low bulk density of the Sandvik grade H13A
powder partially reflects the high portion of un-combined
carbon. Presumably the 0.44% wt. excess carbon is added to
compensate for decarburisation in subsequent sintering
practices. In taking account of the excess carbon the
corrected bulk density of the powder would be approximately
14.48 g/cm3 . This still leaves a discrepancy of approximately
2% between the measured and theoretical bulk density of this
powder. Even when allowances are made for the 0.58% wt of
volatile contaminants found during thermogravimetric analysis
of the as-received powder there is still an anomaly in the
density values. In contrast, the corrected bulk density of
the Anderson Strathclyde CR2805 powder, containing 0.19%wt.
excess carbon corresponds exactly with the measured value of
14.78 g/cm3 . The magnitude of the discrepancy between the two
powders suggests either the presence of a significant amount
of closed porosity within the Sandvik H13A powder or the
composition of the powder was not exactly a 6% wt. cobalt
alloy. This latter supposition is highly unlikely in view of
later analyses of the physical properties of sintered
mouldings. The most likely cause of the discrepancy in the
measured bulk density of the Sandvik powder is considered to
be closed porosity. Such structures are not uncommon 15 in
these powders. As the Sandvik powder was manufactured by a
different processing route than the Anderson Strathclyde
powder this could account for any differences in the porosity
content of the two powders. It is well known that under
certain circumstances the liquid impregnation method used in
the determination of the bulk densities of these powders is
unreliable	 and perhaps better substituted with a 	 gas
pycnometer technique 179	 However,	 the fact that the
procedure produced an accurate result in the case of
Anderson Strathclyde powder vindicates its use, and removes
suspicion of erroneous experimental practice as the cause of
the discrepancy noted.
Powder packing efficiency was found to improve with increases
in either particle diameter or size distribution. This
behaviour is in general agreement with previous studies of
angular powders. The study highlighted an obvious limitation
of the Fisher sub-sieve sizer as a method of determining the
specific surface area of powders. This property is calculated
from a median particle size, and neglects to consider the
size distribution of the system. It is apparent from Figures
12 and 13 that the Anderson Strathclyde powders contain a
significantly greater percentage of fines, ( particles < 1.0
jim ), compared to the Sandvik powder, yet this characteristic
is not fully demonstrated in the respective values of
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specific	 surface	 areas.	 The	 high	 surface	 energies
accompanying such fine powders is believed to promote
substantial inter-particle adhesion, which in turn, produces
chains of particles preventing their free flow 180
Besides containing a greater portion of fines the Anderson
Strathclyde powders also appear to possess a greater level
of aggregates compared to the Sandvik powder. This property
is inferred from the inflexions of the curves of Figure 13.
The apparent agglomeration present in the Anderson
Strathclyde powders is considered to originate from the high
level of fines and concomitant high surface energy of each
particulate system. These properties encourage the formation
of particulate clusters which are sufficiently stable to
resist normal dispersion operations employed during the
Coulter analysis. This assumption is supported by the fact
that no large particles were observed during 	 electron
microscopy of the powders.
6.1.2. Effect of powder characteristics on mixing behaviour.
From the literature survey conducted the general consensus
was that the wider the size distribution of a particulate
system, the greater is its packing density 51,52.53 One
would therefore anticipate that the Anderson Strathclyde
powders, with their relatively wide size distributions and
moderate packing densities, would produce moderately loaded
feedstock compositions relatively easily. In fact this is
not found to be the case, the exception being powder grade
CR2810.	 Instead the Sandvik H13A powder, which has a
relatively narrow size distribution, and consequently, of a
comparatively lower packing density, produced feedstock
compositions with the highest particulate loading with ease.
The reason for this apparent anomaly is believed to be
associated with the level of fines within the respecti'e
particulate systems rather than the presence of agglomerates,
although both conditions are inseparable. This conjecture is
substantiated by the size distribution data of the CR2810 and
CD2820 powder grades presented in Figure 12, indicating that
the former powder contains less fines and subsequently
produces easily mixed compositions as shown in the data of
Table 8. The difficulty experienced in mixing certain powders
is attributed to the level of fines present. Powders
containing large proportions of fines will inevitably have
higher specific surface areas and consequently would require
a greater portion of binder in the uniform deployment of at
least a mono-layer coating on the particles. This would
effectively deplete the amount of free binder which would
otherwise be available to promote composition flow, and
result in an increase in the viscosity of the system, as
noted by others 57,h16•	 From this it would be reasonable to
conclude	 that a composition based on a	 totally	 de
agglomerated particulate system would have a greater
viscosity than a comparable agglomerated system, since the
total surface area available in the former system would be
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greater. However, others 135 have noted the opposite effect
and found that the presence of aggregates actually reduces
the viscosity of a composition. This is equally feasible if
one considers the de-agglomeration mechanism in terms of the
amount of binder released into the system and allowed to
participate in the compositions flow. If the amount of binder
mobilised by dc-agglomeration process during flow is greater
than that required to coat the exposed surfaces of previously
inaccessible areas at inter-particle contacts then the net
effect would be an increase in the amount of free binder in
the system and a reduction in the compositions viscosity.
6.2. Binder Characteristics and Properties.
6.2.1.	 Volatiljsation behaviour.
In general the temperature range of volatilisation of
the polymeric materials investigated is found to be a
function of molecular weight. Low molecular weight materials
tend to have lower melting points. This trend is also
reflected in their volatilisation characteristics indicating
their volatilisation to proceed and terminate at lower
temperatures. This behaviour is deduced from comparing the
volatilisation behaviour of; the Shell FR135 n-paraffin wax.
the microcrystalline paraffin waxes, polyethylene paraffin
waxes and the low density polyethylene which have approximate
molecular weights of 300-400, 500-800, 1000-4000 and + 10000
respectively 175•	 Similar conclusions can be drawn from the
series of polyethylene glycols. Both the microcrystalline and
hydrocarbon	 FB	 waxes are composed of branched	 chain
structures 175,181	 Such molecular structures are less
thermally stable in comparison to the n-paraffin base chains
182 Hence the observed low temperature volatilisation
displayed by these waxes in Table 6 is considered essentially
to be due to side chain scission.
The most favourable volatilisation behaviour is exhibited by
the Hoechst OP montan ester wax, which is found to volatilise
at a near constant rate over a wide temperature range. In
contrast the Hoechst B wax, which is a glycol ester of almost
identical composition 1, volatilises over a much narrower
temperature range.	 However,	 subsequent electron probe
micro-analysis ( E.P.M.A.	 ) conducted on the OP wax revealed
the presence of significant traces of calcium. Other
literature 175.183 confirmed that this particular grade of
wax contained traces of calcium montanate, which explains the
high amount of residue provided by this wax. Additionally,
organo-metal	 compounds	 are commonly used	 as	 thermal
stabilisers in polymers 184• The broad volatilisation
temperature range of the OP wax is probably caused by the
presence of the calcium salt. Carnauba waxes are derived from
vegetable sources and, like many paraffin waxes, their
precise chemical composition is dependent on the geographic
origin of the source material. Such waxes tend to contain
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considerable impurities which probably accounts for the high
portion of residue measured. Similarly, the high residue
produced by the synthetic Wilkins 16203B wax is probably due
to its carnauba wax base.
6.2.2. Rheological properties.
Differences in the observed apparent viscosities of the low
density polyethylenes ( Figure 17 ), are attributed to their
respective molecular weights and level of chain branching.
The ethylene vinyl acetate resin displays a marked shear
dependence of viscosity characterised by a progressive
deviating from near-Newtonian behaviour as the shear rate
increases.	 This characteristic deviation from Newtonian
behaviour at high shear rates is typical with low inolecai.r.'
weight	 resins	 of relatively narrow	 molecular	 weight
distributions 123
The near-Newtonian behaviours displayed by the wax materials,
as shown in Figure L, are characteristics typica). of low
molecular weight resins of very slight molecular chain
entanglement and inter-molecular attraction. The general
trend is for viscosity to increase with increase in the
molecular weight of the resin. This beha'ior è€
attributed to a concomitant increase in the Van der Waal's
forces operating between molecules. Hence the low molecular
weight n-paraffins such as Shell PR135 have lower melt
viscosities than moderate molecular weight n-paraffins such
as the Huls grade SH1O5 Fischer-Tropsch wax. The high melt
viscosity of the hydrocarbon wax PB is attributed to its
inherent molecular chain branching 181 which effectively
reduces molecular mobility.
Considerable differences where found between the dielectric
properties of potential binder materials. These differences
displayed a strong correlation with the particulate loading
capacity of binder systems.	 tn particular, materials with
high	 permittjvities invariably produced 	 highly	 loaded
compositions with satisfactory rheological response. Hence
material permittivity could be used as a criteria for binder
selection. The study also highlighted the importance of
conducting such analysis on materials whilst they are in a
molten state. In previous research, workers 58 had noted the
favourable wetting properties associated with carnauba wax
but considered it essentially as a non-polar material.
Presumably this conclusion was drawn from results gained from
solid	 state	 analyses which indicates
	 no	 appreciable
differences between the permittivities of the carnauba wax
and other non-polar n-paraffin, microcrystalline and
p ol y eth y lene waxes as illustrated in the Deta scans of
Figures 19 to 23. Carnauba wax is a natural ester wax
containing straight chain primary alcohols 58 The high
dielectric constant, e, measured is associated with the
electronegativity between its molecular constituents, in
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particular, the presence of hydroxyl groups. Similarly the
high permittivi.ty, hence polarity, of the Hoechst montan
ester E and amide C waxes, as observed by their respective E
values of Figures 24 and 25, is associated with the presence
of ester and amide functional groups respectively. The amide
C wax is essentially an ethylene bis-stearoylamide with the
following composition 185.
H35C17 CO NH CZH4 NH CO C17H35
The Hoechst E wax consists of a structure comprising of a
central core of ester groups between two hydrocarbon chains
of 28 to 32 carbon atoms in length 186 It is clear from the
results that polar functional groups only become active
whilst these waxes are in their melt state. This demarcation
in polar behaviour originates from an increase in molecular
mobility caused by an increase in energy through heating.
6.2.3. Properties of multi-component wax binders.
The thermal dilatation characteristics of the Hoechst montan
ester E wax shown in Figure 26 are typical of semi-
crystalline polymeric resins. The high temperature dependence
of density is attributed to a combination of effects; namely
the high thermal coefficient of volume expansion, typically
lO-	 at 25C 175, and more predominately by an increase in
specific volume associated with the melting of the
crystalline structure. It was considered that the high
shrinkage associated with this wax may cause problems in the
moulding stage of the process. The wax blend 018 was
formulated with the deliberate intention of reducing the
shrinkage level and extending the melting point range. The
blend was based on a mixture of Hoechst E, polyethylene and
microcrystalline waxes, in which the latter wax is the major
constituent. The microcrystalline wax was incorporated
primarily because it possesses several properties which are
considered beneficial to a binder composition. In particular;
it is known to depress the crystallinity of otherwise highly
crystalline polymeric resins 187,188, it is an amorphoid thus
its solid-liqtiid state transition takes place over a wide
temperature range 189, and exhibits natural plasticity. The
latter property was particularly prominent in extrudates of
composition D2 produced during rheometry. The wax was
included in the blend to improve its toughness purely on the
basis of this property alone. It is apparent from the
dilatation data obtained for the 018 blend that the inclusion
of this wax achieved its intended objectives in reducing
the overall shrinkage and extending the phase transition
temperature range of the binder. The density coefficient of
the potential binder system is effectively reduced from
0.0022 g/cm3 /°C for the wax system to 0.0016 g/cm 3 /C for
the wax blend over a temperature range of 25 C C to l00C. It
is also reported that polyisobutylene can be used to achieve
the same effect but at the expense of an increase in the
viscosity of blends 175
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The relatively sharp, narrow and high peak enthalpy trace of
the Hoechst E wax ( Figure 29) are typical characteristics
of a semi-crystalline material with a narrow molecular weight
distribution.	 In contrast the AC-6A polyethylene wax has a
relatively broad enthalpy trace, which suggests that its
molecular structure essentially consists of many low
molecular weight hydrocarbon species as side branches on a
polyolefin backbone 175• The total elimination of the AC-6A
wax's endotherm from the enthalpy trace of the wax blend
( Figure 30 ), together with a marginal shift in the
endotherm of the microcrystalline wax and the appearance of a
new endotherm at 97 C C suggests these two waxes are chemically
compatible, forming a eutectic with a melting point
corresponding to the position of.the new endotherm. If one
considers the wide distribution of the molecular species of
each wax constituent present within the blend then it is not
wholly unexpected that there should be some degree of
compatibility. Similarly the marginal shift in the observed
endotherm of the Hoechst E wax to a higher temperature
suggests slight compatibility with the AC-6A polyethylene
wax. The marginal increase in the magnitude of the endotherm
noted at 78C. between the positions of the endotherms of the
microcrystalline and montan ester E wax in addition to the
obscure endotherm peak of the latter wax suggests there is
also slight compatibility between these two waxes. To confirm
this view further investigations of binary blends of the
components would be necessary. It is believed the properties
of the montan ester wax remain essentially unaltered by its
incorporation in the blend, and as such, the blended wax
composition should benefit from a combination of the
toughening properties of the microcrystalline wax and polar
properties of the montan ester B wax.
6.3. Rheological Behaviour of Feedstock Compositions.
6.3.1. Compositions based on thermoplastic resins.
Compositions based on low density polyethylene exhibit
exceptional pseudoplasticity over a wide melt temperature as
shown in Figure 31. The significant increase in pseudoplastic
behaviour of the filled low density polyethylene composition.
in comparison to the behaviour of the pure polymer resin, is
considered to be associated with a re-alignment of the
particles when the filled composition is subjected
	 to
shearing stresses. As the shear increases particle aggregates
are progressively dispersed . This, in turn, results in a
concomitant increase in the amount of free binder, which was
previously immobilised in the interstices of the agglomerated
particles, and consequently reduces the viscosity of the
composition. The particle shape is also considered to promote
pseudoplastic behaviour. The powder particles are essentially
asymmetric and will therefore have a tendency to disrupt the
streamline flow of the composition when randomnly orientated.
This behaviour would be most prominent at low shear rates
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when particle orientation is in a state of maximum chaos, and
subsequently the incidence of particle interaction and binder
immobilisation are at their greatest. However, when subjected
to progressively higher rates of shear the particles will
tend to re-align to a minimum energy state hence reducing
inter-particle contacts and, as stated, the amount of free
binder in the composition is likely to increase. Both these
conditions are likely to lead to a reduction in the viscosity
of the composition.
The fundamental flow response of a composition resembles that
of the base polymer used in its binder system. This is
substantiated, with particular	 reference to the ethylene
vinyl acetate composition by, comparing the flow
characteristics of the base polymers of Figure 17 with their
respective compositions in Figure 31. The only difference
between the flow behaviour of the pure resin binder and its
filled state appears to be a substantial increase in the
viscosity and more pronounced pseudoplasticity C shear
sensitivity ) of the latter. This behaviour is confirmed in
the work of others 122 ' 123 . The only rational explanation that
can be proposed for the failure of the polystyrene
composition to flow is that the viscosity of the binder
composition was too high for the volume fraction of powder
used.	 In previous studies,	 Issitt	 resorted to	 a
plastisicer: polystyrene volume	 ratio of 2:1 in order to
achieve	 effective	 flow in similar	 polystyrene	 based
compositions.
6.3.2. Effect of binder viscosity on the flow response of
thermoplastic based compositions.
The addition of high portions of low molecular weight
hydrocarbons reduces the apparent viscosity of a composition:
as observed by the significant difference in the low density
polyethylene based compositions o TPigures 31 and 32. ThIs
condition obviously originates from the fact that	 low
molecular weight, hence low viscosity polymers act as
plasticisers in the high molecular weight hydrocarbon chains
thereby reducing the overall viscosity of the binder, which
essentially determines the flow behaviour and viscosity level
of the filled system. It is known that high molecular weight
materials exhibit a greater shear-dependence of viscosity 121
compared to low molecular weight counterparts. The addition
of a high portion of compatible low molecular weight
hydrocarbons to the polyethylene polymer effectively lowers
the average molecular weight of the binder. This property
produces the observed reduction in shear-dependence 	 of
viscosity of the high wax content compositions.
6.3.3. Wax based binder compositions.
The results of studies conducted on low viscosity wax based
compositions suggest that wax viscosity is an important
property in the development of a stable binder system. The
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results demonstrate a tendency for low molecular weight,
hence low viscosity, n-paraffins to segregate from the
composition when subjected to shear, with the exception of
composition Dl, which is based on a fully refined n-paraffin.
Even so, the test conditions required to produce satisfactory
flow in this composition only reaffirms this assertion since
stable flow behaviour was only produced when the wax binder
of the composition was in a semi-fluid state, hence of
relatively high viscosity. In contrast compositions based on
polyethylene and microcrystalline waxes, which are higher
molecular weight branched hydrocarbons and inevitably of
greater intrinsic viscosity, flowed with typical
pseudoplastic behaviour.
Compositions with high particulate volume fractions and of
satisfactory flow response could only be produced from the
polar montan ester, amide and carnauba waxes. Others 58. 78
have found similar waxes produce beneficial moulding
properties and base this behaviour on their ' exceptional
wetting properties ' which is a rather abstract property.
According to work of Fox and Zisman 190 , the degree of
contact between a liquid and substrate is affected by their
mutual surface tensions. Non-polar polymers are found to have
lower surface tensions and therefore have the capacity to
spread more readily on non-polar substrates. Polar polymers
on the otherhand have higher surface tensions, this property
being attributed to their inherently greater cohesive
forces, which discourages spreading on non-polar substrates.
There is also evidence of converse behaviours with polar
substrates 19t . In addition, the wetting-ability of a polymer
is also governed by its viscosity, the premiss being that a
low viscosity material will flow more readily into
irregularities and crevices on the surface of a substrate.
The combined effects of these properties on the wetting of
irregular	 surfaces may b	 modeLec	 h',j t
	
o.ong
Washburn-Rideal equation 192 which relates the kinetic
aspects of the filling of a capillary by a liquid of surface
tension, a , and viscosity r
t	 =	 2r	 .x2	 (40)
a Cos 0	 r
where 8 is the contact angle and t is the time to travel a
distance x in the capillary of radius r. Hence, if it is
assumed that the surface tensions and contact angles of both
the polar montan ester and non-polar hydrocarbon waxes are
approximately equal then, according to the above expression,
the low viscosity non-polar waxes should at least exhibit a
comparable if not greater wetting-ability ( ability to
spread ) on the particle surfaces thus producing compositions
of comparable powder volume loadings. However this was not
the case, which suggests that the observed difference in the
sustainable volume loading capacities of the polar and non-
polar waxes is essentially independent of their tendencies to
spread in a physical sense. This being the case, implies some
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other attribute besides an ability to spread or physically
coat the particulate surface is responsible for the
differences in powder loading and rheological behaviour.
The observed differences in the respective particulate
loading capacity and flow stability of compositions produced
by the two types of wax may be attributed to differences in
surface tension forces. In particular, differences between
the respective wax's adhesive tensions acting on the powder
surface. The high melt polarity of the ester waxes is
probably the fundamental property responsible for the stable
flow	 behaviour of the highly loaded compositions they
produce, this being effective by the following mechanism.
The polar functional groups of each wax are considered to
possess a high affinity for the tungsten carbide particles,
which by crystal lattice arrangement are also highly polar
193,194 Chemical bonds, most probably hydrogen bonds
195.196, are believed to form between the powder surface and
the wax functional groups. Such bonds may be sufficiently
strong to resist shearing stresses imposed during the course
of flow, and behave as anchorages for the hydrocarbon chains
to the particle whilst the hydrocarbon chains provide the
matrix medium for flow. Coating the powder particles with
these polar materials may also produce repulsive forces
between the powder particles, through electrochemical
charges, which may also serve to prevent inter-particle
contact during flow.
Incpntrast, the observed segregation of pure hydrocarbon
waxes at high shear rates, from compositions of moderate
powder volume fractions, is attributed the the absence of
polar functional groups. At low powder volume concentrations
and low rates of shear the intrinsic viscosity of the higher
molecular weight,	 highly branched hydrocarbon waxes is
believed to be sufficient in preventing 	 inter-particle
contact and enabling satisfactory flow to take place. The
Wilkins 16203B wax based composition, D5, is essentially
based on a carnauba wax blend, which being polar, enables
flow to take place without segregation in low powder volume
fraction compositions. Similarly the BASF grade FE wax used
in composition El, which is essentially a hydrocarbon wax
with considerable chain branching, actually contains a minor
amount of dispersing agent 181 The acceptable flow behaviour
of this composition illustrated in Figure 34 suggests that
the dispersing agent present is of a polar nature thus
preventing wax segregation.
6.3.4. Effects of hydrocarbon molecular weight.
The	 hydrocarbon chain length of polar waxes is	 also
considered to have an influential effect on the
and subsequent flow respone ' of
compositions. This conjecture is formed on the basis of the
results obtained from t1iinvestigation of the F series
compositions. All the waxes used in the compositions are
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highly polar in their melt state as shown in Figures 23 to
25, but differ in their hydrocarbon composition. In
particular, the hydrocarbon chain length of the amide C wax
is C17 185 which is shorter than either the carnauba or
montan ester E waxes hydrocarbon chains with approximate
lengtffs of C26 175 and c30 186 carbon atoms respectively.
Consequently only composition P3 which is based on the amide
C wax exhibited segregation and eventual compaction when
subjected to moderate shear stresses. Differences in
hydrocarbon chain lengths of these wax binders are also
reflected in the apparent fluidity of their respective
compositions during mixing in a Brabender. In particular, the
amide C wax composition required less torque thus appeared to
have the greatest fluidity. In view of the subsequent flow
behaviour of this composition a serious doubt is cast on the
validity of assessing the maximum or critical particle volume
concentration ( C.P.V.C.	 ) capacity of a binder on the basis
of its torque response during torque rheometry, as some
workers claim possible 156	 It is apparent that low fluidity
is not equatable to stable flow behaviour.
6.3.5. Pseudoplasticity-dilatancy inversion behaviour.
The unusual reversible pseudoplastic-dilatant inversion
behaviour observed in both thermoplastic ( Figure 32 ) and
wax ( Figures 35 and 36 ) based binder compositions is
difficult to explain. This phenomena has been observed by
others studying filled systems 61,91• Several theories have
been proposed to explain this behaviour. Trunov 87
 implied the
inversion was due to the onset of a turbulent flow regime,
suggesting that the lower critical velocity for the lamina-
turbulent transition of concentrated suspensions occurred at
a much lower Reynolds number than for normal liquids. This
does not appear to be the case for the compositions studied.
For instance, an analysis was conducted on the data given in
Figure 35 in which the density, p,( based on a linear rule
of mixtures ) and dynamic viscosity, r, of each composition
was used to establish the	 ratio	 p I r,	 which	 is
proportional to Reynolds number.NR
	 , as follows;
= K. p /
	
(41)
where K is a constant dependent on the shear rate.
The analysis was conducted by taking the viscosity values
at a constant shear rate of 600 s 1 , which coincides with the
value producing the inversion in the 0.65 v.f. composition.
The respective ratios of the 0.68, 0.65 and 0.6 powder volume
fraction compositions were; 35.0, 67.5 and 156.4. Hence if
the inversion was primarily a behaviour associated with
exceeding a critical velocity, one would also expect the 0.6
volume fraction composition to behave in a similar manner to
the 0.65 volume fraction composition and invert to a dilatant
behaviour. However, this analysis maybe too simplistic as
Cogswell and Lamb 121 suggest nonlamina flow can occur in
96
polymer systems when die wall adhesion breaks down after the
extensional component of deformation exceeds some critical
value. It is conceivable that a similar mechanism may occur
in filled compositions and is sensitive to particle volume
fraction. Another theory developed 121 is based the premiss
that when semi-crystalline polymer melts are subjected to a
combination of high shear, high pressure and low temperature.
the highly orientated material will tend to from a
crystalline structure which impedes flow and results in
dilatancy.
Another simple,
	 but still conjectural	 theory for the
inversion behaviour is advocated. This extends the concept
of particle re-alignment as previously used to describe the
mechanism of pseudoplastic behaviour and can be considered as
two simultaneous mechanisms. Firstly, during the progressive
application of shear, the extent of particle de-agglomeration
increases producing a concomitant increase the surface area
of the powder system and gradually depleting the amount of
free binder required to enable structural flow. Secondly, it
is considered that, in the course of subjecting a composition
to an incremental state of shear a critical shear rate is
transgressed, exceeding the rate at which particle re-
orientation and dispersion occurs, thus initiating inter-
particle contacts which increases with the magnitude of the
applied shear stress and a rigid structure eventually forms.
The critical shear rate is considered to dependent on the
powder loading and binder viscosity, so increasing the melt
temperature reduces the binder viscosity and enables particle
re-alignment to occur at a faster rate thereby eliminating
inter-particle contact. The logical conclusion would be that
at sufficiently high rates of shear and melt temperatures the
composition would tend towards the behaviour of the pure
binder material, which for wax systems is a Newtonian
behaviour. This accounts for the extremes in compositional
flow behaviour that can occur when melt temperature is
altered as shown in Figure 37.
6.3.6. Effects of plasticiser additions on the flow behaviour
of compositions.
The observed deviation in the flow behaviours of
compositions based on binary and ternary blends of waxes from
those of unadulterated montan ester binder compositions is
attributed to physio-chemical effects. In particular, the
observed	 increase in both the apparent viscosity 	 and
pseudoplasticity of compositions adulterated with high
molecular weight species polyethylene glycols is believed to
originate from a combination of chemical compatibility and an
increase in the average molecular weight and molecular
distribution of the binder. In a similar manner, the
viscosity of eutectics formed from blends of chemically
compatible thermoplastic resins is often greater than that of
their pure constituents 121, In contrast,	 it is presumed
moderate molecular weight polyethylene glycols behave as
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plasticisers in the montan ester hydrocarbon chains thereby
depressing the inter-molecular forces and reducing the
average molecular weight of the binder. This ultimately
results in low viscosity compositions with near-Newtonian
behaviour. The incorporation of even lower, 600, molecular
weight of polyethylene glycol adulterants in the composition
are considered to promote segregation and dilatancy effects
through a reduction in the intrinsic viscosity of the binder
system. Likewise, the reduction in the apparent viscosity of
compositions based on paraffin wax adulterated binders is
also attributed to their plasticising effects; but in high
concentrations the intrinsic viscosity of the binder produced
is	 considered	 incapable of
	 preventing	 inter-particle
contacts, particularly in compositions of high powder
loadings, so ultimately dilatancy and segregation occurs in
the composition.
The most beneficial binder formulation in terms of level of
the achievable hardmetal powder volume loading and
rheological response is considered to be that used in
composition 018, which is based on a microcrystalline wax.
The apparent shrinkage on mixing was considerably less for
this composition than experienced for any the previous pure
or adulterated montan ester compositions. This behaviour is
associated with the crystallinity depressant properties of
the microcrystalline wax.
6.3.7. Effects of powder concentration on viscosity.
Previous	 mathematical models developed to describe the
relationship between the particulate volume loading and
relative viscosity of a composition 	 have, essentially, been
concerned	 with	 particle	 characteristics	 and	 their
interactions. Presumptions are made that the relative
viscosity is independent of shear rate, which may be accurate
for systems based on high polymers of pseudoplastic behaviour
if one assumes a comparable decrease in viscosity with shear
in the filled	 and t'nfilled statns. ?o'we'er, tine	 ow
behaviour of compositions based on near-Newtonian binders, as
used in this study, is shown to be predominately
pseudoplastic. Consequently shear rate has a significant
effect on the values of relative viscosity of these systems
and needs to be considered in any mathematical model as an
additional variable. The empirical relationship developed for
Hoechst OP montan ester based compositions with powder volume
fractions in the range 0.5 to 0.65 are found to be suitably
approximated by an exponential function of the following
form;
=	 B. e	 (42)
where B is a shear rate dependent variable and k is a
constant associated with the powder loading.
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6.4. Effectiveness of Mixing Techniques.
The obvious differences in the magnitudes of the intrinsic
viscosities of thermoplastic and wax based compositions are
reflected in their respective plastographs produced during
mixing in the Brabender. Inevitably the high molecular
weight, high viscosity conventional thermoplastic resin based
compositions require a greater energy input for mixing than
low molecular weight, low viscosity compositions as shown in
Figure 41. The initial high transient torque levels observed
during their mixing are associated with inter-particle
friction of uncoated powders. Binders of low melt viscosity
appear to assist effective mixing by virtue of their inhe.rent
ease of flow 197 This property also reduces the need for
high shear stresses thereby reducing the incidence of wear;
which was found to be particularly severe with highly loaded
thermoplastic resin binder based compositions.
It is apparent from the data presented in Figure 42 that
methods of high shear melt mixing are required in order to
produce compositions with satisfactory rheological behaviour.
Presumably high shearing stresses are required to effectively
disperse and distribute powder aggregates and produce
homogeneity within the melt. In contrast the shear stresses
generated during the solvent mixing technique are probably
adequate for distributing the binder, by virtue of its low
viscosity colloidal form 197 , but insufficient to disperse
agglomerates 147 Consequently wax based compositions
produced by this form of mixing are of high apparent
viscosity and exhibit erratic flow behaviour. Whilst the
slurry ball milling processes, on the otherhand, may generate
sufficient stresses to effectively disperse powder
agglomerates, it is considered to lack the propensity to
produce a homogeneous distribution of the binder.
The apparent disparity in the measured apparent viscosities
of comparable compositions produced from the Brabender and
Torrance intensive shear melt mixing processes is caused by
binder losses in the former mixing apparatus. Significant
amounts of binder were found to exuded through the rotor
shaft-bearing clearance of this type of mixer during mixing.
This problem was particularly apparent with compositions
based on low viscosity wax type binders of high nominal
binder contents. Subsequent thermogravimetric analysis
confirmed an approximate net binder deficit of 6% volume in
compositions produced from the Brabender.
Differençes in the rheological behaviours of low density
polyethylene compositions produced from solvent and high
shear mixing operations are less apparent as shown by the
rheograms of Figures 31 and 43. The apparent viscosity of
the solvent mixed compositions were only marginally greater
than shear melt mixed compositions; and when compared to
equivalent wax compositions their general flow behaviour was
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far less erratic. Presumably these favourable charactoritics
originate	 from the relatively high intrinsic viscosity
associated with high molecular weight systems.
	 It	 is
considered these systems are capable of sustaining and
transferring high shearing stresses during the mixing
operation thereby dispersing the majority of agglomerates
present. The difference in the apparent viscosities of the
low volume fraction compositions of Figure 43 is attributed
to the beneficial polar properties of the montan ester OP
wax.
6.5. Properties Affecting the Mouldability of Compositions.
6.5.1. Composition flow index.
The change in status of the (n-l) parameter given in the
rheological data of Tables 9 to 12 for compositions LD5. 014.
016 and 018A indicates that all the compositions exhibit a
behavioural inversion from pseudoplastic to dilatant flow
with progressively increasing rates of shear. There is a
general trend for the critical shear rate,	 coincident with
the onset of the inversion, to
	
decrease as the melt
temperature is reduced. The reason for the inversion
behaviour has already been discussed above. The highly loaded
wax based composition 016 exhibits the most pronounced
pseudoplastic behaviour between essentially a near-Newtonian
behaviour at low shear rates and dilatancy at modest rates.
This is attributed to the close spatial proximity of the
particles within the composition. When subjected to shear the
rigid network of randomly orientated asymmetric particles are
likely to re-align in a direction of least resistance. The
magnitude of the change of resistance accompanying the
particle rearrangement is considered to be greater than in.
compositions of lower powder volume loadings which
	 is
reflected by an increased shear dependence of viscosity.
6.5.2.
	
	
Effects of shear and temperature dependence of
viscosity.
From the data of Tables 18 to 21 it is clear that the montan
ester binder based compositions, 014 and 016 display the
greatest shear and temperature dependence of viscosity, with
an apparent increase in the latter property as the powder
volume fraction increases. This tendency is also reflected in
the calculated flow activation energies as given in Table 17,
and the relative gradients of the temperature-viscosity
curves of Figure 51. When compared with compositions of
similar powder volume loadings both these viscosity
determinant properties appear unusually high. For instance,
the magnitude of the thermal dependence properties of
composition 014 are approximately double those of composition
LD5, yet both are of comparable particulate volume loadings.
which suggests the difference is associated soley with the
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binders used. In particular, as polymer viscosity is an
activated process involving polymer chain segment mobility,
it is thought the most probable reason for the observed
difference originates from the plasticising properties of the
paraffin waxes in the thermoplastic binder composition of
formulation LD5. These waxes function by reducing inter-
molecular attractions of the crystalline polyethylene and
montan ester waxes, thereby reducing the energy requirements
necessary to produce high molecular mobility in the binder
system.
The observed constant shear sensitivity of composition 014 is
attributed to the flow behaviour of the compositions binder.
The wax used in the composition is essentially Newtonian and
therefore the binder viscosity is independent of shear rate.
Similarly, changing the melt temperature would alter the
magnitude of apparent viscosity but not the shear
sensitivity since viscosity is independent of shear rate.
This explains the observed constant temperature dependence of
the composition. It is considered that the high, but
constant, value of shear sensitivity is associated purely
with particle re-alignment during flow, and no contribution
is made from the binder flow behaviour. Similar conjectures
are made with composition 016, which at low melt temperatures
possesses a shear sensitivity almost identical to that of
composition 014. However, at melt temperatures of 150C these
tendencies are obscured by the virtual Newtonian behaviour of
the composition. In contrast, composition LD5 is based on a
plasticised high molecular weight polyethylene binder which,
in the melt state, is itself pseudoplastic in behaviour.
Presumably the accompanying increase in the shear sensitivity
of the composition with rise in melt temperature reflects
the combined effects of an increased pseudoplasticity of the
polyethylene binder as well as a contribution from particle
re-alignment. The increased temperature dependency at high
rates of shear is probably caused by an increase in the rate
of particle re-alignment concomitant with a reduction in the
binder viscosity.
It is interesting to note that, in the case of plasticised
binder compositions, the temperature dependence of viscosity
is itself a function of shear rate. This endorses the need to
apply methods, such as used in the Mendelson superposition,
that encompass a wide range of shear in the determination of
accurate activation energies.
6.5.3. Spiral mould analysis.
The thermal diffusivity of these compositions are inevitably
higher than normal polymer melts and disproportionately more
so as the concentration of the highly thermal conductive, low
specific heat, hardmetal powders in the composition
increases. In the non-isothermal injection moulding process
these properties have a detrimental effect on	 flow. On
encountering cool surfaces, as would be the case when
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injected into relatively cold moulds, these materials are
liable to undergo almost instantaneous solidification as a
consequence of rapid heat dissipation and accompanying
increase in viscosity. The high temperature dependence of
viscosity and commensurate activation energies can seriously
limit the moulding response of these materials. This was
demonstrated by the spiral flow data of composition 016. The
failure of this composition to produce any appreciable flow
in the spiral mould is a attributed to its inherently high
activation energy which is undoubtedly associated with the
high level of particulates. The decrease in flow length with
increase in injection rate is attributed to the critical
shear rate for the pseudoplastic-dilatant inversion being
exceeded. The spiral flow data of other compositions
presented in Figure 53 reflect the high thermal dependence of
these low viscosity compositions.
Each compositions flow response, as measured by spiral flow
length, is found to be independent of injection pressure. It
is surmised that this unusual behaviour results from a
combination of factors, namely; the process dynamics of the
injection moulding machine used and the thermal properties of
the compositions. The moulder was designed to provide a
constant volumetric output independent of the injection
pressure. The set injection pressure is only realised as the
material resistance increases. It is conceivable that the
solidification rate of these compositions is so rapid as to
make any contribution from the available pressure
negligible. This belief is supported by the data shown in
Figure 54, indicating that injection pressure has an affect
on flow length at high melt temperatures. Hence the influence
of injection pressure will only be realised during the
moulding process if conditions which effectively extend the
time period of the melt state are applied. 	 This was
subsequently proven during znoulding triaLs.,	 r'
found that injection pressure produced an increase
	 in
moulding density if thermal conditions were favourable.
Mangles 135 postulated that spiral flow was a function, inter
alia, of	 composition viscosity. Hence the relatively low
spiral flow of
	 the	 polyethylene based composition LD5
( Figure 53 ) is considered to be more a reflection of its
higher melt viscosity rather than a fundamental difference in
thermal properties. The sharp increase in flow length at
high mould temperatures is caused by lubrication effects of
the partially melted binder in the composition. The reduction
in flow length at high melt
	
temperatures, as indicated
( Figure 54 ), may be attributed to thermal degradation of
the wax binder.
6.6. Homogeneity and Defects in Simple Bar Mouldings.
In general, it was found that moulding parameters which
assist the moulding core consolidation process produced
mouldings with high green densities. 	 Parameters	 which
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effectively extend the melt state condition, such as high
mould and melt temperatures, extended pressure hold on times
and high injection pressures all contribute towards a greater
consolidation of the moulding core.
When polymer melts cool to a semi-crystalline polymer at room
temperature density changes of up to 25Z can occur unless
conditions are applied to compensate for thermal contraction
and	 crystalline shrinkage during the cooling	 process.
Inhomogeneities in the density of macrostructures of
mouldings are attributed to poor consolidation conditions,
which are specific to the thermo-mechanical response of each
composition during solidification under conditions of non-
steady state heat flow. Each moulded composition will be
treated individually in the following sections to demonstrate
these characteristics and their associated defects.
6.6.1. Composition D8.
An analysis of the cross-section of mouldings produced from
this composition revealed the density of their core regions
to be greater than their peripheral layers. This density
profile is attributed to the low mould temperature used
throughout the moulding of this composition. On entering the
mould cavity the material immediately adjacent to the cold
mould surface solidifies forming a skin which progressively
increases in thickness without being subjected to the full
injection pressure. At the instant the cavity fills the
molten core of the moulding will, for a period until the gate
solidifies, be subjected to the full injection pressure
available. The pressure will tend to consolidate the moulding
core, compensating for any volumetric and thermal shrinkage
as the material gradually cools. The application of a
slightly elevated mould temperatures would tend increase the
green density of the peripheral layers by extending the time
period of the molten state condition within this region.
In the process of moulding this composition, under the given
conditions, it is suspected a highly orientated layer is
formed, coincident with a position of maximum shear at the
differential density boundary between the core and skin
regions. On cooling residual stresses are likely to persist
in the boundary layer. When reheated relaxation processes are
likely to result in the stress rupture of the boundary
region. This phenomena is particularly common in low
molecular weight polymers 198• During tentative debinding
studies on these tnouldings this behaviour was observed
( Figure 67) and reflected in the form of circumferential
cracks in the moulding cross-section.
6.6.2. Compositions 04 and 014.
These compositions are essentially composed of relatively
high powder volume fractions in a highly crystalline wax
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binder. Not only is it inevitably that these characteristics
produce mixtures with a high thermal diffusivity but, as
illustrated in Figure 26, the wax system used undergoes a
considerable volumetric shrinkage on cooling, which is likely
to be replicated during the moulding process if left
unchecked. The presence of defects in mouldings, generally
in the form of voids and density variations, can be directly
attributed to the activation energy and thermal dependence of
viscosity. In particular, as the material enters the mould
cavity and undergoes rapid solidification the accompanying
increase in viscosity causes the gate area	 to freeze
prematurely before the full pressure is realised in the
cavity to compensate for volumetric shrinkage and thermal
contraction. This inevitably lead to the decreasing density
profile along the moulding axis as found.
The observed transverse cracks originate from shrinkage
induced stresses set up as the mouldings cools and is
restrained in the mould. The stress levels are greatest.
hence,	 cracks	 more prominent,	 when	 the	 temperature
differential between	 the melt and mould is high. These
parameters	 are likely to promote conditions of	 least
consolidation and maximum thermal contraction.
The observed voidage in rnouldings is caused by high injection
rates. During rheometry these materials displayed negligible
die swell which suggests they are essentially viscous fluids
199, and devoid of elastic recovery. At high rates of shear
this property induces a ' jetting' type of flow behaviour in
which the material enters the cavity in the form of a thread
and is consolidated to form a conjugated coiled structure.
This type of mould filling behaviour inevitably introduces
air pockets in the moulded mass, which are exposed as voids
in the sectioned samples. Filled polymers and polymers
with high activation energies of viscous flow 123 are more
susceptible to jetting behaviour. Others have noted a similar
behaviour in ceramic compositions 78.9 Reducing the rate of
mould filling promotes a 'plug' type of flow whereby the air
is gradually swept out of the cavity by the progressing melt
front thus reducing the likelihood of voids.
6.6.3. Composition 016.
The majority of mouldings produced from this composition were
found to contain internal cracks. This type of defect is
attributed to a combination of properties, in particular the
compositions high; thermal diffusivity, temperature
dependence of viscosity and volumetric shrinkage. Analyses of
the cross-sectional densities of the mouldings revealed a
structure with a low density core and relatively high skin
density. This structure is probably caused by the premature
freezing of the gate region of the moulding, which
effectively prevents the consolidation of the moulding core.
The poor moulding response during spiral flow analysis
confirms	 that the composition is susceptible to rapid
104
solidification. During further cooling the low density melt
at the moulding core gradually solidifies by a process
involving the progressive advancement of the solidification
front from the previously solidified rigid skin regions to
the moulding core. This type of non-uniform solidification
and accompanying wax binder shrinkage, results in residual
stresses within the core region of the moulding. Eventually,
the stresses exceed the cohesive strength of the semi-fluid
core and the material ruptures resulting in both micro- and
macro-cracks as observed ( Figure 55).
Applying higher injection pressure would tend to increase the
skin density during the initial period of mould filling and
produce a greater variation in the cross-sectional density of
the mouldings as was found.
6.6.4. Compositions 018 and 018A.
On the whole both the full and sectional green densities of
mouldings produced from composition 018 show very slight
variation, and	 moulding green density was found to be
directly proportional to injection pressure. In contrast.
the green densities of mouldings produced from composition
Ol8A are found to be unusually sensitive to injection
pressure: increasing initially with pressure towards an
asymptotic value at moderate pressures, prior to decreasing
with further rises in pressure. The only plausible
explanation that can be provided for this unusual behaviour
is to suggest that under conditions of low temperature and
high pressure the wax binder system undergoes a re-
solidification process which hinders material flow and the
core consolidation process. The mouldings produced however
were ostensibly free of gross defects such as cracks and
voids. Both the excellent reproducibility and structural
homogeneity	 of	 these	 inouldings	 are	 attributed	 to
solidification properties of the binder used. 	 In particular.
its temperature dilatation characteristics ( Figure 26 )
suggest shrinkage induced defects are eliminated by
	 a
combination of the reduced binder volumetric shrinkage and
extended melt temperature range, the latter property
undoubtedly aids moulding core consolidation. In addition.
the low temperature dependence of the compositions would
allow greater pressure transmission to the moulding during
the solidification phase 200 thereby reducing the variation
in	 the	 cross-sectional	 density	 by	 improving	 core
consolidation.
Apparent differences in the green densities of mouldings
produced from these compositions, which are nominally
identical in volume fraction and constituents, originate from
binder losses during the Brabender mixing operation of
composition 018.
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6.6.5. Composition LDS.
The data obtained from moulding studies conducted with this
composition are considered too limited to provide any firm
conclusions. No credible reason can be provided to support
the apparent moulding green density insensitivity to
injection pressure other than suggesting the relatively high
apparent viscosity of the composition, in combination with
thermal properties diffusivity in particular, prevented the
consolidation of the moulding. The large variance in the
cross-sectional green density of inouldings produced using a
range	 of	 injection pressures	 could be due	 to	 wax
segregation.
6.7. Moulding Defects in Complex Components.
The observed defects and density variations in complex
mouldings originate, primarily, from poor mould design and
gating arrangements. This is demonstrated by analysing the
respective moulding conditions used in the production of each
type of component.
6.7.1.	 Spheres.
The internal voidage and commensurate low green densities of
mouldings produced from the mould cavity arrangement MOD1
(Figure 8) are considered to be caused by inadequate mould
venting. In the mould filling process the material enters the
mould cavity, tangentially onto the cavity wall, and proceeds
to fill the cavity. However, mould parting line clearances
were wholly inadequate and ill-positioned to enable the rapid
expulsion of the enclosed air volume. Subsequently, minute
air pockets became entrapped within the conjugated flow of
the molten material. The application of pressure during the
consolidation process will only tend to reduce the size of
the voids. However, once the gate region has solidified the
air pockets will begin to expand and coalesce until their
internal pressures are in equilibrium with the cohesive
forces of the surrounding semi-solid mass.
The measured low green densities of mouldings produced from
the mould cavity arrangement MOD3 obviously result from the
presence of internal cracks ( Figure 56). The cracks probably
originate from residual stresses caused by localised density
gradients. These are formed when two streams of molten
material unite. However, as the streams are exposed to the
cavity atmosphere, heat is dissipated from their outer most
layers through convection. This eventually produces a
structure with a molten core and cooler semi-molten skin of
marginally greater density. When two such structures
conjugate, complete fusion is likely to be impeded by the
presence of the semi-solid surfaces and a weak interface, or
weld line forms. On cooling, tensile stresses are the set up
through volumetric shrinkage and thermal contraction of the
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molten core material. If the stresses exceed the weak
cohesive forces at the weld boundary the material ruptures.
Such weld line structures would be prevalent within the
mouldings produced, since the mould cavity was fed by two
diametrically opposing gates. The problem is probably
compounded by air entrapment at sites of weld lines during
the consolidation process.
To eliminate the defects described above the mould cavit y was
modified (Figure 8 MOD2) by incorporating an over-spill pot
on a single gated cavity. This effectively eliminated weld
lines and voids by; a) use of a single gate feed, b)
providing an extended through flow of molten material in the
core of the cavity which dispersed any weld areas present,
c) enabled the occupying air to escape easily, 	 and
d) producing greater homogeneity in the moulding core by
extending the melt period thereby enhancing consolidation.
These improvements in the method of mould filling were
instrumental in producing sintered mouldings of near sound
integrity ( Figure 74). However some residual voids still
persist at the periphery of these mouldings where the
material is considered to cool too rapidly for these
modification to be of benefit. These residual voids may be
eliminated by increasing the mould temperature or gate size.
but as a last resort for premium products, they would be
totally eliminated during sintering by the application of a
sinter-HIP process.
6.7.2. Percussive mining tips.
Debound mouldings produced from a cavity designed with
straight entry gating arrangement ( Figure 9 a) were found
to contain gross cracks ( Figure 64 ). These defects were
attributed to the mode of cavity filling promoted by this
type of gate design. Cavity filling was predominantly by melt
jetting, irrespective of the moulding parameters used. As
already discussed above, this behaviour is typical of; filled
polymer systems, truly viscous polymers and polymers resins
with high activation energies of viscous flow. These
properties encourage the melt to enter and fill the mould in
the form of a strand, which coils and is consolidated under
pressure as shown in Figure 57. This mode of cavity filling
inevitably produces weld lines with, as discussed above,
accompanying inhomogeneities in density and residual
stresses. The apparent absence of cracks in the sectioned
green mouldings is attributed to the large gate used. The
large area was probably effective in extending the freeze-off
time and allowing the composition to remain molten long
enough for pressure transmission to consolidate the moulding
core against the effects of gross binder volumetric
shrinkage. However, when the mouldings are reheated stress
relaxation occurs, causing the planes of weakness between the
conjugated melt fronts to open thus producing cracks.
The jetting behaviour of this material was accommodated by
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suitable modifications to the mould design. In particular.
the mould gating was modified ( Figure 9 b) to cause the
trajectory of the molten mass on immediate entry to the
mould,	 to strike the cavity wall at a tangent, and so
encourage a progressive plug type of flow behaviour during
the cavity filling operation 2O1 Reduced injection rates
were also required to encourage sufficient adhesion of the
molten material to the cavity wall and so promote the plug
flow régime. The large surface cracks observed on inouldings
produced using high melt temperatures ( Table 46 ) are
thought to originate from high stresses induced by thermal
contraction and volumetric shrinkage of the core material on
cooling.	 Reducing	 the	 magnitude of	 the	 temperature
differential	 effectively eliminated these defects. As a
consequence of these changes in gate geometry and moulding
parameters mouldings of; higher green densities, sound
integrity and greater homogeneity were produced and sintered
with virtually defect free microstructures ( Figure 72).
6.8. Kinetics and Factors Affecting Debinding.
The limited investigations conducted to determine kinetic
parameters involved in the volatilisation of composition 018A
should be considered essentially as a tentative attempt to
discern some of the fundamentals involved in the debinding
process rather than a serious attempt at producing a model
for generating thermal debinding profiles.
6.8.1. Sample mass.
At elevated temperatures and subsequently high rates of
binder volatilisation, it was found ( Figure 59 ) that the
logarithmic rate of binder loss was linearly related to
sample	 mass and this could be modelled by a
	 simple
exponential function involving sample mass. Obviously
extending the model to take account of the change in the rate
constant with temperature using an Arrhenius expression would
enable a more accurate prediction to be made be. Such a model
would only be applicable at elevated temperatures as the
behaviour	 of heavier sample was found	 to deviate from
linearity, with a significant reduction in the rate of
volatilisation, at temperatures below 3OOC. This observed
difference in behaviour is attributed to fundamental changes
in the mechanism of debinding at the respective temperatures,
which are believed to be determined essentially by sample
geometry.	 In particular, the surface area I thickness ratio
of the heavier sample was disproportionately lower in
comparison to the other samples used. The mean free path for
the escape of gaseous products of volatilisation in this
sample is longer, and consequently more tortuous during the
initial stages of volatilisation in comparison to the other
samples. The deviation from linearity probably reflects the
fact that the rate of gaseous diffusion in the initial stages
of the process will tend to be lower for larger samples.
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As the temperature is raised a greater percentage of the
binder is removed. The binder is essentially a composite of
both high and low molecular weight hydrocarbons, wherein the
latter materials would preferentially volatilise at lower
temperatures. Therefore, if the low molecular weight species
is homogeneously dispersed in the sample binder its depletion
at low temperatures would be uniform throughout the sample
body thereby creating a network of channels throughout the
sample to the surface. It is believed this increase in the
sample porosity in addition to the following changes in the
kinetics of the process would account for the heavier samples
compliance to linearity at higher temperatures. Firstly, the
progressive loss of binder accompanying the rise in
temperature increases the sample porosity and enables the
diffusion of the higher molecular weight gaseous products to
take place with less hindrance. Secondly, the pressure in
sample pore network builds up as the gaseous products
accumulate: this creates a pressure differential which would
assist the debinding process by producing a pressure assisted
flow from the sample core to the surface. Presumably if the
sample internal pressure exceeds the cohesive forces in the
remaining molten binder network the structure will rupture.
This type of defect was prevalent in the form of cracks or
bloated areas on the surface of samples during the initial
stages of developing a satisfactory debinding profile, and
usually occurred when a threshold temperature was exceeded.
6.8.2. Kinetic parameters.
The activation energy of volatilisation of the composition
was found to be dependent on the extent of binder loss:
gradually increasing until approximately 53% of the samples
binder had volatilised. This behaviour may be explained on
the basis of molecular composition of the binder. In essence
the	 energy
	
is a relative measure of	 the	 ease	 of
volatilisation. The initial low activation	 er'jy	 in
the zero order volatilisation process up to 4.7% conversion
is attributed to the degradation of branched chains low
molecular hydrocarbons, as these would require Iess energy
for bond rupture and would have a negligible effect on the
weight of the binder.	 Similarly, the low activation energy
( 66 LI/mole) associated with conversions below 31% is most
probably caused by end chain cleavage 182 At binder losses
greater than 31% the activation energy associated with
volatilisation is significantly greater, possibly reflecting
the energy required for the rupture of carbon-carbon bonds in
the hydrocarbon molecules.
At elevated temperatures the kinetics of the volatilisation
process appear complex. Presumably this is caused by the
simultaneous volatilisation of individual binder
constituents, each having a quite distinct behaviour at
different temperatures. The complexity of the process at
elevated	 temperature	 was evident from	 the	 attempted
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derivation of the reaction order, n, from thermogravimetric
data ( Table 52 ). The data proved too scattered, making an
accurate estimate of the order impossible. Consequently, the
applicability of the Arrhenius rate expression involving
heating rate,	 activation energy and reaction order as
variables, c.j section 4.7.1 equation 31,	 in the generation
of a suitable debinding schedule was not tested. The
expression may be of benefit if, like others 202, a curve
fitting exercise is conducted with assumed values for the
reaction order. However, even if a suitable mathematical
model based on this expression could be established for the
samples in question there still remains the arduous task of
extending the model to incorporate other relevant variables.
For completeness an ideal model would encompass variables
such as; changes in debinding atmosphere, component geometry
and thermal inertia.
6.8.3. Critical debinding rates.
The critical stage in the debinding process tends to be early
in the schedule, below a temperature of approximately 2OOC.
The maximum rate of heating that could be applied on
approaching this temperature, without disrupting the moulding
integrity, was inversely proportional to the moulding
section thickness, and composition binder content. This
sensitivity to the initial heating rate probably results from
a need to balance stresses induced by relaxation and thermal
expansion processes with the inherent thermal inertia of
bulky components.	 The maximum initial rate of	 binder
volatilisation that could be endured, in slender bar
mouldings, without causing disruption appeared to be directly
proportional to the composition powder volume loading. It is
thought this behaviour originates from the increase in the
structural inertia associated with the densely packed high
volume loading compositions; the inertia being sufficient in
preventing the pressure exerted from the accumulation of
gaseous products in the initial stages of debinding from
exceeding the cohesive forces in the molten structure. Hence
the benefits in the debinding process associated with using
high powder volume loadings are probably twofold, namely;
i) a greater tolerance to higher rates of binder
volatilisation, ii) a reduced binder content. Both factors
are beneficial in reducing the overall debinding period.
The slumping behaviour exhibited by composition 04	 when
subjected to moderate temperatures during debinding is
probably caused by an inherently low yield stress, although
this property was not evaluated. This conjecture is drawn
from the fact that the Brabender mixed composition 014 of
0.62 powder volume fraction, hence of marginally greater
apparent viscosity, did not slump. Others 70,78 also consider
yield strength to be the determinant factor in preventing
slumping behaviour. Low shear analysis would be required to
confirm the existence and magnitude of a yield stress. If
proven, it would mean that these compositions should be more
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correctly	 termed	 Bingham-pseudoplastic	 materials.
Extrapolation of moderate shear data to zero strain has been
used 203	 in an attempt to discern yield values with, the
assumption that the data can be linearly regressed to
conditions of low shear. Such a presumption may provide
erroneous results as flow curves of both polymers and filled
systems invariably tend towards a minimum asymptotic value at
low rates of shear 60, 121,126
6.9 Effects of Debinding Atmosphere.
The reduction in peak volatilisation temperature with
increase in hydrogen content of the debinding atmosphere
( Figure 60 a) may, in part, be caused by mass transfer
effects involving preferential hydrogen	 diffusion.	 The
molecular diameters of Argon, Helium, Hydrogen and Nitrogen
are given 204 as 28.8,	 19.0,	 24.0 and 31.5 nm respectively.
This data suggests that the high hydrogen content, low mean
molecular diameter gases, should certainly diffuse more
readily into the interior of the samples and encourage
greater rates of mass transfer compared to the larger
molecular gases	 Others 164 have proposed a similar
mechanism to explain differences in binder removal rates with
hydrogen	 and	 argon atmospheres.	 The shift	 in	 peak
volatilisation temperature may also be ascribed to the
hydrogenation of the hydrocarbon and montan waxes by
hydrogen. Such hydrocarbon reduction mechanisms are known to
occur at elevated temperatures in the presence of a catalyst
such as cobalt, producing lower molecular weight gaseous
hydrocarbons 175,205,206	 Mass-analysis on the products of
decomposition would be required to confirm whether this is
the case. If this supposition is correct, then the
concomitant increase in the portion of low molecular weight,
readily volatilised hydrocarbons, would undoubtedly produce a
shift in the peak volatilisation to lower 	 temperatures
similar to the observed behaviour.
Both the low weight loss and pore-like defects ( Figure 69)
accompanying samples debound in inert and low hydrogen
content atmospheres are considered to originate from a
combination of the following factors; i) incomplete oxide
reduction, ii) the thermal cracking of wax binders which had
remained within the sample as a consequence of inadequate
rates of gaseous diffusion. It is most probable that
incomplete oxide reduction rather than mass transfer effects
is the primary cause of these defects and the measured
differences in weight loss. This opinion is formed from
several observations. In particular, the 0.58% weight loss
recorded from thermogravimetry on the as-received alloy
powder in a hydrogen atmosphere, indicating the presence of
residual oxides and other volatiles, could easily account for
discrepancy in recorded mass losses produced by the different
atmospheres. Also, if the process was dominated by a mass
transportation mechanism then it would be reasonable to
lii
expect the microstructures of helium debound samples to be at
least similar to those of samples debound in the larger
molecular diameter, marginally less diffusive, pure hydrogen
gas. However, this was not the case as gross pore-like
defects were also produced in samples debound in helium.
Subsequent	 mass-analysis	 performed on	 the	 pore-like
structures confirmed the presence of gross carbon in the
defects. Others 207 have also noted that gross graphitic
defects are formed when hardmetals are dewaxed in nitrogen
atmospheres. The defects are also similar in structure to
those reported in early studies on hardmetal injection
moulding 208,	 The precise mechanism behind their formation
is unclear. One would anticipate that, even in inert
atmospheres, any residual metallic oxides present would exert
a decarburising effect and reduce at least some of the
uncombined carbon present in the powder at elevated
temperatures. It is felt that the carbon rich defects are not
attributed to the 0.44% wt. excess carbon incorporated in
this powder, but result from a polymer degradation process.
This conjecture is drawn from the findings of several studies
investigating the complex chemical changes that occur during
dewaxing processes. In particular, it is known that polymers
normally volatilise as fractional monomers or dimers in inert
atmospheres but the presence of oxygen can also promote
polymer degradation to produce excessive quantities of free
carbon 178,209, Carboxyl groups subjected to elevated thermal
treatment	 in N2- 10% 112 atmospheres are known 	 to be
particularly prone to this type of decomposition behaviour
170 In further studies of furnace atmospheres, Taskinen et
al 32,210 have found that when stearates are dewaxed in
endogases containing carbon monoxide and hydrogen, they
decompose with the evolution of; carbon mon- and di- oxides,
hydrogen and methane which produced a carburising effect if
the hydrogen content was not maintained above a critical
level. For instance, using an atmosphere with a higher
hydrogen content such as N2 - 10% H2 eliminated the
carburisation effect of the decomposition products. The
carbur j sation behaviour was attributed to the reversible
dehydrogenation of methane in the presence of cobalt, and was
most prominent at high temperatures. Kieffer et al 15 report
similar effects could occur with mixtures of methane and
hydrogen depending on the dryness of the hydrogen.
Additionally, carbon monoxide is also found 31.32 to have a
carburising effect in the presence of hydrogen. From these
reports it may be reasonable to suggest that during the
debinding of the wax binder system in inert and low hydrogen
content atmospheres, low molecular weight hydrocarbons
liberated through the thermal cracking of the hydrocarbon
chains 211 together with carbon mon- and di-oxides formed
from the decomposition of the montan ester wax or reduction
of residual oxides combine, possibly with the cobalt acting
as a catalyst, to produce a carburising effect by the same
mechanisms described above, and produce free carbon in the
structure.
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The apparent regularity of the shape and concentration of
the carbon rich defects originates from a tendency of the
system during sintering to attain a minimum surface energy
and thermo-dynamically stable condition. Excess carbon or
non-reactive contaminants present in the alloy during
sintering are precipitated out of the pseudo-binary eutectic
during the solidification process. These will tend coalesce
under the action of surface tension forces to form the
apparent regular pore structure 212,	 It is believed these
defects	 produce density gradients within the 	 sintered
structure which, on subsequent cooling, lead to cracks
through differential shrinkage, in a similar manner to
gradients associated with differences in particle packing
213	 This would account for presence of gross 	 cracks
( Figure 68 c - e ) within the sintered macrostructure of
samples debound in both inert and low hydrogen content
atmospheres.
In contrast, samples debound in hydrogen rich atmospheres are
free from gross pore-type defects. This condition is
considered, in part, to originate from the reduction of metal
oxides at low temperatures during the initial stages of the
debinding process
	
. The absence o	 oxiàes e1ectIve1y
prevents wax degradation and the formation of free carbon.
Another possible related factor concerns the chemical
decomposition of carboxyl groups which are present in the
montan ester wax. It is reported 175.214 that these groups
undergo a decarboxination process, 	 in the presence of
hydrogen and cobalt as a cataLyst,	 reLtw, i:c.
liberation of carbon dioxide and a hydrocarbon by-product
which may be hydrogenated 207	 This reaction is particularly
relevant since nitrogen is known 206,215 to destroy the
catalytic effects of the cobalt used in these chemical
processes; which is a possible reason why similar reactions
may fail to occur with mixtures of low hydrogen-nitrogen
atmospheres.
6.10. Debinding by Melt Wicking.
The binder system developed and used in composition 018 is,
by virtue of its inherently low melt viscosity,
preferentially suited to a melt wicking debinding process.
This is implicit from the Washburn-Rideal 192 expression,
c. 5 . section 6.3. equation (40). In studies by others 216, it
has been shown that the rate of debinding by melt wicking,
for a particular fluid and wicking substrate system, is
greatly enhanced by reducing the size of the wicking
substrate particles. This is attributed to an increase in the
capillary pressure concomitant with a reduction in the inter-
particle pore radius of a highly packed wicking substrate as
given by the expression;
P	 = 2 a Cos 8/ r	 (43)
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where P is the capillary pressure, B is the solid-liquid
contact angle, a is the liquid-gas surface tension and r is
the inter-particle pore radius. Both equations (40) and (43)
indicate that liquids properties that discourage spreading,
such as high surface tensions and contact angles, actually
assist capi 11 an ty.
In a simple analysis, based purely on comparing the
particle size data of the three wicking materials used, it
would be reasonable to anticipate the finer alumina powder to
provide a greater wicking effect, through a reduced pore
size. However, this was not the case. Instead, the slightly
larger hydrated magnesium aluminium silicate ( Fullers earth
) particulate provided the most rapid rate of binder removal.
This behaviour could be attributed to differences in the
packing efficiencies of the two particulate systems. But if
this was the only factor involved it would also be reasonable
to expect the comminuted limestone medium to exhibit the
greatest wicking effect, since this material has a broad
particle size distribution, an attribute most likely to
produce a high density substrate of minimum inter-particle
porosity and capillary pores of minimum radii. Yet this was
not the case. The most probable explanation for the observed
differences in the substrate behaviour is that the wetting
characteristics of the molten wax are preferentially altered
by surface chemistry properties of the hydrated magnesium
aluminium silicate, possibly involving a reduction in the
surface tension forces of the wax. Waikar et al 217 have also
reported similar differences in the wicking behaviour of
powders, stating that spherical graphite powders are better
absorbing medium than gamma-alumina powders.
6.11.	 Properties of Sintered Components.
6.11.1. Moulded bars.
Linear shrinkages of sintered slender bar mouldings were
found to be anisotropic. In general shrinkage was
significantly greater in the transverse direction of the
mouldings. This property was independent of the relative
moulding orientation during the sintering stage. The
anisotropic behaviour is therefore unlikely to be produced
from gravitational effects during sintering. The work of
others 30 supports this assertion, claiming that
gravitational effects only become apparent in compositions of
low green densities, i.e. originally of 7Z weight wax
contents.
It is postulated that the observed anisotropic shrinkage
originates from streamline flow within these narrow
mouldings. It is believed that during the mould filling stage
of the process the particles will be subjected to shearing
stresses and tend to orientate in a direction of least
resistance to flow. Consequently, asymmetric particles will
tend to align with their major axis parallel to the flow
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direction in a head-tail type chain structure. In contrast,
their minor axis will be orientated in a direction
perpendicular to the flow direction. Hence, the planar
particle concentration in the flow direction will tend to be
greater than that of the transverse direction, with a
corresponding reduction in the linear
	
shrinkage.	 Near
theoretical densities were attainable with these mouldings,
but	 their sectioned macrostructures often revealed the
presence of an occasional large pore ( Figure 68a).
6.11.2. Moulded spheres and percussive tips.
eres were found to increase, in
ng, with increase in injection
y attributed to slight mould
Sintered shrinkage of spheres
injection pressures above 4.2
behaviour observed in the green
theoretical	 densities	 were
attainable with these mouldings, but analysis of their
sectioned macrostructure invariably revealed the presence of
an occasional large pore ( Figure 74 ).
The diametrical shrinkages of the larger percussive mining
tip mouldings were essentially inversely proportional to
injection pressure, again reflecting the commensurate
dependence of moulding green density on pressure. However
moulding shrinkage was not isotropic, and appears to be
dependent on the gating location. This is not totally
unexpected as, in bulky mouldings, the complex flow pattern
of the melt is likely to produce areas of varying degrees of
consolidation in the moulding during the solidification
process.
6.11.3.	 Defects in the sintered microstructure.
The random closed porosity defects, of approximately 5Om in
diameter, found in the sintered macrostructures of all of the
above mouldings, probably originate from the coalescence of
minute air pockets entrapped during the injection process. In
particular, the Fox and Offord injection moulding machine had
no provision for degassing the granulated feedstock prior to
its injection. It is worth noting that a minor amount of
residual porosity is not only specific to hardmetal
components produced by the injection moulding process but
persists in conventional die compacted components 21.41
It is suspected that the microstructures of components
produced by the injection moulding process described in this
study are marginally deficient of carbon; possibly with a
carbon content just above the lower tolerance of the
stoichiometric balance of 5.66% weight required for this
composition. This conjecture is based on the appearance of
The diameters of moulded sph
the direction of mould openi
pressure. This is obviousl
opening at higher pressures.
was found to independent of
MNnr', reflecting a similar
moulding	 densities.	 Near
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the polished microstructure and the physical test data of
sintered components ( Table 55 ). In particular, the edge
definition of carbide grains in a composition of perfect
stoichiometric carbon content would generally be very clear.
On the otherhand, it is commonly known within the hardmetals
industry 218 that the grain structure becomes gradually less
defined as the composition becomes progressively deficient in
carbon. The carbide grains in the microstructure shown in
Figure 75 are ill-defined, but the structure is still free
of a gross double carbide phase. The amount of free cobalt
within the sintered hardmetal compositions is qualitatively
assessed by magnetic saturation. Nominal values for the grade
H13A hardmetal alloy used in this study are 5.0 to 5.8%.
Lower values, as measured ( Table 55 ), are indicative of
compositions with a free cobalt deficiency. The measured
deficiency is probably caused by the incorporation of minor
amounts of otherwise free cobalt within the eta-phase double
carbides. Further evidence supporting the presence of minor
amounts of the eta-phase in the sintered composition is given
by values of the coercive field strength, this property being
dependent on the carbide grain size and cobalt content. Field
strength values for the H13A alloy normally fall in the
range 15.3 to 17.7 KA/m. Higher values, as measured, indicate
a carbon deficiency and the presence of eta-phase 37. This
apparent carbon deficiency is believed to originate from
component	 decarburisation	 during the sintering process
employed,	 and is probably most easily	 corrected	 by
employing a more judicious sintering practice. In
particular, increasing the graphite content in the alumina +
graphite packing material, above the adopted level of 6%
weight, would increase the localised carbon potential and
further compensate against the effects of decarburisation.
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7. CONCLUSIONS.
7.1. A feedstock composition, based on a multiple blend
of waxes as a binder, was developed and used in a powder
injection moulding process to produce complex hardmetal
components of; near full theoretical density, sound integrity
and acceptable microstructure.
7.2.
significant
capacity of
powders of
capacity of
aggregation
particulate
Particle characteristics were found to have a
effect on the mixing and particulate loading
injection mouldable feedstock compositions. Fine
high specific surface areas reduce the loading
binder systems and are difficult to mix. Particle
was also found to have an adverse effect on the
loading and mixing behaviour of compositions.
7.3. Low viscosity polar materials, in particular montan
ester waxes, were found to produce low viscosity feedstocks
of high particulate volume loadings that remain stable when
subjected to high shear stresses. Plasticised, high melt flow
index, low density polyethylene resins produce feedstock
compositions of moderate particulate volume loadings with
higher apparent viscosities. Feedstock compositions of
moderate particulate volume loadings based on paraffin wax
binders exhibited wax segregation and eventual dilatancy when
subjected to moderate rates of shear.
7.4.	 Intensive shear mixing practices, capable of
dispersing particle aggregates, were found most effective in
producing	 homogeneous	 feedstocks with relatively 	 low
apparent viscosities and of suitable rheological response for
injection	 moulding.	 Losses	 of low	 viscosity	 binder
ingredients from the rotor seals of horizontal type sigma
blade mixers, lead to variable binder deficiencies 	 in
feedstocks.	 Bowl type mixers are therefore	 considered
preferential	 in	 maintaining consistency	 in	 feedstock
compositions. Severe wear was noted during the mixing of
feedstock compositions based on high viscosity thermoplastic
resin binders, but less apparent with wax based systems. The
energy required to mix feedstocks based on thermoplastic
resin binders was considerably greater than comparable wax
based compositions.
7.5. The rheological response of feedstocks at moderate
and high shear was generally found to be pseudoplastic in
behaviour. However, compositions of high particulate loading
tended to invert to dilatant behaviour, at moderate melt
temperatures, on exceeding a critical shear rate. The
apparent viscosity of compositions based on montan ester
waxes, as sole binder systems, was found to exhibit a greater
shear and temperature dependency than comparable feedstock
compositions based on multiple binder systems. Composition
shear and temperature dependency and activation energy of
viscous flow increased with increase in particulate volume
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fraction. These properties were reduced significantly in
feedstocks based on mixed binder systems. In a composition
developed the apparent viscosity of the feedstock could be
modelled as a simple exponential function of the particulate
volume loading over the range 0.5 to 0.65 volume fraction.
7.6. The mouldability of a feedstock is primarily
determined by its thermal dependence of viscosity. Feedstocks
containing high volume fractions of particulates, for
instance 0.69 v.f., possess high activation energies of
viscous flow and exhibit the least potential for flow under
non-isothermal conditions of an injection moulding
environment. Reducing the particulate loading, or utilising
binders consisting of a blend of waxes, effectively reduces
the magnitude of activation energy of feedstocks. Improved
mouldability could be achieved by suitable choice of moulding
parameters to compensate for the inherently high thermal
dependence of viscosity of these feedstocks.
	
7.7. Gross defects,	 in the form of voids and cracks,
were invariably formed in mouldings produced from
compositions with highly thermal sensitive properties; such
as a high thermal dependence of viscosity and a high
activation energy of viscous flow. Such properties are
inherent in compositions produced from highly crystalline wax
binder systems.
7.8. Moulded in defects were introduced by incorrect
mould designs. Modified gating arrangements and careful
selection of moulding parameters were necessary to in order
compensate for the predominant jetting behaviour of
compositions during the mould filling process. Positive mould
venting arrangements were effective in preventing voidage
and weld line formation.
7.9. Defects in the form of cracks and bloated surfaces
are found to occur both during the initial stages of the
debinding process, prior to any noticeable binder
volatilisation, and during subsequent heating stages if the
applied heating rate is too excessive. Defects produced
during the initial heating process are believed to originate
through imbalances in stress relaxation processes resulting
from moulded in stresses and binder expansion. The debinding
period is found to be dependent on both the composition
binder content and component geometry.
7.10. The binder volatilisation rate of a feedstock
composition developed was found to be proportional to binder
mass at elevated temperatures. The activation energy of the
binder volatilisation process is dependent on the degree of
decomposition, generally increasing until approximately 50
of the binder is volatj].jsed. The volatilisation reaction is
found to approximate to zero order during the initial stages
of the debinding process, but as debinding progresses the
kinetic order of the reaction was found to become more
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complex. This property is associated with the interaction of
competing volatilisation behaviours of the individual binder
constituents
7.11. The integrity of sintered microstructures is
affected	 significantly	 by	 the	 debinding	 atmosphere.
Microstructures	 of sound integrity were produced	 when
debinding was conducted in hydrogen rich atmospheres. In
contrast, inert atmospheres produced carbon rich pore-type
defects. Binder volatilisation was found to be proceed and
terminate at lower temperatures in hydrogen rich atmospheres.
Sample mass loss was significantly greater when debinding was
conducted in hydrogen rich atmospheres.
7.12. Sintered shrinkage was found to be anisotropic.
Linear shrinkage was generally less in the flow than the
transverse direction of moulded bars. This property is
attributed to asymmetric particle orientation during the
mould filling process. Sintered densities of bars and complex
components were near theoretical values, but large random
pores	 persisted in the sintered 	 microstructure.	 The
microstructure of sintered components produced under
standardised sintering conditions appeared to be slightly
deficient in carbon.
119
8. FURTHER WORK.
8.1. Further studies of the wetting characteristics of
waxes and other binder materials in relation to hardmetal
powders are felt necessary in order to provide a greater
understanding of the salient properties required for an ideal
binder system.
8.2. The
	
economic benefits derived from applying this
process, in its current form, to bulky components are
marginal if not unviable 201	 The reason for this is the
extensive debinding period required. 	 Studies should be
conducted with the objectives of reducing the debinding
period to more acceptable time scales. This will
undoubtedly serve the U.K. industries demands more directly
by improving the process economics thereby encouraging its
acceptance.	 Further	 benefits would	 also accrue from
conducting	 studies	 aimed at developing a debinding model
that	 is capable of satisfying components	 of	 various
geometries, section thicknesses and binder contents.
8.3. It is felt that the mixed wax binder composition
developed in this study could be improved. In particular,
mouldings produced tend to be of low modulus and brittle,
generally lacking toughness. These properties are probably of
least concern for relatively thick mouldings where strength
is derived from their inherent section thickness, but for
slender intricate components, typically of 1.0mm thickness,
lack of toughness would be a major problem. Incorporating a
toughening phase, for instance low molecular weight
polyisobutylene or atactic polypropylene, within the binder
formulation may alleviate this potential problem.
8.4. Studies should be conducted to assess the
suitability of the low viscosity mixed wax binder system to
other particulate systems. In particular, global interest is
now focusing on the application of the P.I.M. process to high
value particulate systems such as metal and ceramic filled
metal matrix composites. These are considered as an obvious
extension of the process to other mixed crystal carbides.
8.5. The application of C.A.D. packages, to simulate
mould filling behaviour of these highly temperature dependent
feedstocks, would be of benefit to the P.I.M. industry.
Packages based on finite element analysis would assist in
mould design procedures and reduce the occurrence of moulding
defects by predicting potential problems such as weld line
formation and jetting behaviour prior to moulding tools being
produced.
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1 mm = 127.8 x 10 Pa)
Shear	 Apparent
Stress Viscosity, log !
mm
	
't (Pa)	 r (Pa. ․ )	 (n-i)
	12
	
8.7
	
16	 11
	
18	 13
	
22
	
13
	
28	 18
	
33
	
23
	
40	 27
	
53
	
39
	
64	 48
	
83
	
71
	
116	 116
	
131
	
143
	
148	 175
	
162	 205
	25	 14
	
11
	
35	 19
	
16
	
46	 24	 22
	
57
	
31	 26
	70
	
47
	
43
	
125	 57
	
68
	
146	 61	 85
	
245
	
133	 112
	
319	 156	 163
	
376	 178	 198
	
492	 248	 244
	
561	 270	 291
	47
	
29	 18
	
74
	
47
	
27
	
89
	
57
	
32
	
126
	
69
	
57
	
144
	
77
	
66
	
207
	
108	 99
	
274
	
116
	
158
	
311
	
131	 180
	
356
	
148
	
208
	
424
	
162
	
262
TABLE 9
Rheological Properties of Composition LD5
at Various Melt Temperatures.
a) Melt Temperature 140°C
Shear	 Die Pressures
Rate	 log	 Long	 Short
iiun	 mm
25
51
76
102
153
205
256
384
512
769
1281
1538
1794
2050
591
382
294
220
203
195
185
176
165
162
158
162
170
175
1.397
1.707
1.380
2.00
2.184
2.311
2.408
2.584
2.709
2.885
3.109
3.186
3.253
3.311
20.7
27.7
31
35
46
56
67
92
112
154
232
274
323
367
15153
19507
22642
22642
31351
40060
47360
67584
84480
124578
202398
249156
304980
358750
2.771
2.582
2.474
2.342
2.307
2.290
2.267
2.245
2.217
2.209
2.198
2.209
2.230
2.243
-0.611
-0.623
-1.000
-0.186
-0.132
-0.235
-0.122
-0.220
-0.042
-0.046
+0.171
+0.320
+0.224
b) Melt Temperature 150°C 	 1 mm = 51.lxlO Pa
25
51
76
102
256
384
512
769
1281
1538
1794
2050
298
217
199
176
141
123
115
101
89
90
95
99
1.397
1.707
1.880
2.000
2.408
2.584
2.709
2.885
3.104
3.186
3.253
3.311
7663
11147
15327
18114
36228
47375
59219
78030
114009
138420
170430
202950
2.474
2.336
2.298
2.245
2.149
2.089
2.060
2.004
1.949
1.954
1.977
-0.444
-0.796
-0.437
-0.234
-0.472
-0.160
-0.254
-0.665
+0.078
+0. 409
c) Melt Temperature 160°C 	 1 mm = 51.1 x 10 Pa)
51
153
205
384
512
769
1281
1538
1794
2050
256
122
118
104
91
90
85
81
80
89
1.707
1.880
2.31
2.584
2.709
2.885
3.109
3.186
3.253
3.311
13063
18666
22140
39936
46592
69210
110070
125405
144913
182535
2.408
2.086
2.071
2.017
1.959
1.954
1.929
1.908
1.903
1.949
-1.86
-0.032
-0.196
-0.463
-0.027
-0.109
-0.266
-0.074
+0. 79
	28
	
16
	
12
	
33
	
18
	
15
	
38
	
23
	
15
	
49
	
28
	
21
	
60
	
35
	
25
	
65
	
37
	
28
	
84
	
48
	
36
	
111
	
65
	
46
	
129
	
73
	
56
	
151
	
81
	
70
	
230
	
117
	
113
	
316
	
142
	
174
	
384
	
175
	
209
9.2
11.6
13.2
15.2
18.8
22
24
29
33
37
54
71
87
5.2
6
6.8
8
9.6
11.6
10.8
15.5
18.8
22.4
30.8
36.8
43.6
4
5.6
6.4
7.2
9.2
10.4
13.2
14.5
15.8
15.4
23.2
34.2
43.4
TABLE 10
Rheological Properties of Composition 014
at Various Melt Temperatures.
Melt Temperature 105°C.
	 (1 mm = 511 x 103 Pa , 40 & 20 x 1mm dies)
Shear •
	Die Pressures	 Shear	 Apparent
Rate	 log	 Long Short	 Stress Viscosity,	 log r1
s-	 mm	 nun	 mm	 (Pa)	 q ( Pa. ․ )	 (n-i)
25
51
76
102
153
205
512
769
1025
1281
1538
	
22
	
9.5
	
12.5
	
24
	
12.	 12.
	
26
	
14.	 12
	
29
	
15.	 14.
	
38
	
19
	
19
	
48
	
25
	
23
	
82
	
42
	
40
	
104
	
54
	
50
	
122
	
72
	
50
	
134
	
79
	
55
	
142
	
91
	
51
3396
1639
1105
930
837
774
543
452
339
298
230
1.397
1.707
1.880
2.008
2.481
2.311
2.709
2.885
3.010
3.107
3.188
87087
83603
84997
95447
128889
158847
278679
348349
348349
383184
355316
3.530
3.214
3.043
2.968
2.922
2.882
2.734
2.665
2.530
2.474
2.361
-1.02
-0.98
-0.58
-0.25
-0.26
-0.36
-0.44
-0.99
-0.57
-1.38
Melt Temperature 116°C. 	 (1 mm = 127.8 xlO 3 Pa, 40 & 20 x lirin dies)
51
76
102
153
205
256
384
512
640
769
1025
1281
1538
407
339
254
237
212
190
163
156
152
158
191
236
236
1.707
1.880
2.008
2.184
2.311
2.408
2.584
2.709
2.806
2.885
3.010
3.107
3.186
20900
26126
26126
36576
43543
48768
62702
80116
97537
121922
196817
303064
364025
2.609
2.530
2.404
2.374
2.326
2.278
2.212
2.193
2.181
2.198
2.281
2.372
2.37
-0.45
-0.97
-0.16
-0.37
-0.48
-0.37
-0.15
-0.12
+0.21
+0.66
+0.94
0.00
Melt Temperature 133°C.	 1 mm = 127.8 x10 3 Pa, 40 & 20 x lrrm
25
51
76
102
153
205
384
512
640
769
1025
1281
1538
271
190
144
122
104
88
59
46
38
33
39
46
49
1.397
1.707
1.880
2.008
2.184
2.311
2.584
2.709
2.806
2.885
3.010
3.107
3.186
6966
9753
11147
12540
16024
18114
22991
23687
24732
25429
40408
59567
75591
2.432
2.278
2.158
2.086
2.017
1.944
1.770
1.662
1.579
1.518
1.591
1.662
1.690
-0.49
-0.69
-0.58
-0.39
-0.57
-0.63
-0.85
-0.84
-0.76
+0.58
+0.73
+0.35
1.934
1.716
1.556
1.397
1.342
1.290
1.220
1.187
1.201
1.146
1.176
-0.74
-0.90
-0.75
-0.31
-0.41
-0.39
-0.25
+0.14
-0.69
+0.44
40 & 10 x 1mm dies)
2.432
	
2.187	 -0.79
	
1.857	 -1.09
	
1.681	 -0.99
	
1.568	 -0.88
	
1.491	 -0.79
	
1.477	 -0.04
	
1.518	 +0.23
	
1.568	 +0.74
	
1.591	 +0.39
TABLE 11
Rheological Properties of Composition 016
at Various Melt Temperatures.
Me1 Temperature 146°C.	 ( 1 mm = 25.5 x lO3Pa, 40 & 10 x J.rnrn dies)
Shear S	Die Pressures.	 Shear Apparent
Rate ' Log( )
	
Long Short	 Stress Viscosity Log(q) (n-l)
s-	 mm	 mm	 mm ¶(Pa) r1 (Pa. ․ )
	
51	 1.707	 26
	
102	 2.008	 31
	
153	 2.184	 33
	
256	 2.408	 39
	
384	 2.584	 51
	
512	 2.709	 60
	
769	 2.885	 79
	
1025	 3.010	 101
	
1281	 3.107	 128
	
1538	 3.186	 158
	
1794	 3.253	 176
Melt Temperature 135°C
	
25	 1.397	 22
	
51	 1.707	 26
	
102	 2.008	 28
	
153	 2.184	 30
	
205	 2.311	 32
	
256	 2.408	 34
	
512	 2.709	 63
	
769	 2.885	 77
	
897	 2.952	 93
	
1025	 3.010	 110
19 4412
23 5320
24 5573
	
28
	
6502
	
37
	
8592
43 9985
55 12772
78 15790
	
88
	
20434
111 22062
	
120
	
27867
1mm = 51.1x 103Pa,
7
	
15 6966	 271
9
	
18 7894	 154
12
	
16	 7431	 72
14
	
14 7430	 48
15.5
	
16	 7662	 37
16.5 17 8127
	 31
19
	
44	 15791	 30
25
	
52	 26010	 33
28	 65	 33441	 37
30
	
80	 40408	 39
7
8
9
11
14
17
24
33
40
47
56
86
52
36
25
22
19.5
16.6
15.4
15.9
14.0
15
Melt Temperature 150°C.
	
51	 1.707	 20
	
105	 2.008	 24
	
153	 2.184	 25.5
	
205	 2.311	 28
	
256	 2.408	 30
	
769	 2.884	 65
	
1025	 3.010	 79
	
1538	 3.186	 98
	
1794	 3.253	 137
	
2050	 3.311	 160
(3. mm = 25.5 xlO 3Pa, 40 & 20 x 1 mm dies)
16.5	 3.5 1219	 23.9	 1.375
20	 4.0 1393	 13.6	 1.133	 -0.81
21.5	 4.0 1393	 9.1	 0.959	 -1.00
23	 5.0 1741	 8.4	 0.924	 -0.15
24	 6.0 2090	 8.1	 0.908	 -0.08
47	 18.0 6270
	 8.1	 0.908	 0.00
54	 25.0 8708
	
8.4	 0.924	 +0.12
62	 36.0 12535	 8.1	 0.908	 -0.09
92	 45.0 15675	 8.7	 0.939	 +0.46
110	 50.0 17417	 8.4	 0.924	 -0.25
Shear .	Die Pressures
Rate	 Log(')
s-	 mm
Shear
Stress
t (Pa)
Apparent
Viscosity
r1( Pa. ․ )mmmm
(n-l)Log (
2
3
5.2
10.4
14
23.2
32.4
46
60
3.2
3.6
4.0
7.2
10.0
18.0
27.0
38.0
50.0
80.0
132.0
1.799
1.690
1.633
1.579
1.568
1.612
1.672
1.857
-0.36
-0.32
-0.42
-0.11
+0.55
+0.61
+2.30
40 & 10 x 1 Die)
1.707
1.568	 -0.46
1.544	 -0.13
1.544	 0.00
1.518	 -0.14
1.'€2	 -0.31
1.462	 0.00
1.462	 0.00
1.531	 +0.87
1.681	 +1.20
1.591	 -0.92
40 & 10 x 1 Die
1.591
	
1.361	 -0.76
	
1.361	 0.00
	
1.342	 -0.14
	
1.361	 +0.19
	
1.342	 -0.10
	
1.361	 +0.15
	
1.301	 -0.34
	
1.380	 +0.63
	
1.431	 +0.52
	
1.568	 +1.70
TABLE 12
Pd-ieological Properties of Composition 018A
at Various Melt Temperatures.
Melt Temperature 92°C.
	 (1 mm = 63.9 x lO3Pa, 	 40 & 10 x 1 Die)
	91	 1.959	 14
	
182	 2.260	 22
	
273	 2.436	 30
	
364	 2.561	 40
	
455	 2.658	 50
	
683	 2.834	 74
	
910	 2.959	 112
	
1138	 3.056	 158
	
1366	 3.135	 268
Melt Temperature 96°C.
	
91	 1.959	 13
	
182	 2.260	 18
	
273	 2.436	 24
	
364	 2.561	 34
	
455	 2.658	 42
	
683	 2.834	 60
	
910	 2.959	 83
	
1138	 3.056	 108
	
1366	 3.135	 148
	
1821	 3.260	 264
	
2277	 3.357	 320
12
19
24.8
29.6
36
50.
79.6
112.0
208.0
(1 mm =
9.8
14.4
20.0
26.8
32.0
42.0
56.0
70.0
98.0
184.0
188.0
	
5752
	 63
	 7
	
49
	
11888
	
43
	
14189
	 38
	
17257
	
37
	
24352.	 35
	
38158
	
41
	
53690
	
47
	
99711
	
72
63.9 x lO3Pa,
	
4697	 51
	
6903	 37
	
9587	 35
	1 7	 35
	
15340	 33
	20 	 29
	
26844	 29
	
33556	 29
	
46979	 34
	
88205	 48
	
90123	 39
Melt Temperature 106°C.
	
91	 1.959	 27
	
182	 2.260	 32
	
273	 2.436	 49
	
364	 2.561	 64
	
455	 2.658	 79
	
683	 2.834	 119
	
910	 2.959	 160
	
1366	 3.135	 220
	
1821	 3.260	 325
	
2277	 3.357	 442
	
2732	 3.436	 680
Melt Temperature 120°C.
	
91	 1.959	 50
	
182	 2.260	 65
	
273	 2.436	 83
	
364	 2.561	 102
	
455	 2.658	 115
	
683	 2.834	 148
	
910	 2.959	 200
	
1138	 3.056	 228
	
1366	 3.135	 282
	
1821	 3.260	 396
	
2277	 3.357	 465
	
2732	 3.436	 600
8.0
10.0
16.0
22.0
24.0
38.0
50.0
72.0
90.0
118.0
142.0
17.0
20.0
24.0
30.0
35.0
52.0
72.0
96.0
98.0
110.0
141.0
174.00
1 mm =
19.0
22.0
33.0
42.0
55.0
81.0
110.0
148.0
205.0
324.0
538.0
1 mm =
33. 0
45.0
59.0
72.0
80.0
96.0
128.0
132.0
184.0
286.0
324.0
426.0
25.5 x
3643
4218
6327
8053
10546
15531
21092
28379
45061
62127
103162
12.78 x
3163
4314
5656
6903
7670
9204
12272
12655
17641
27420
31063
40843
10 3Pa,
39
23
23
22
23
22
23
20
24
27
37
10 3Pa,
34
23
20
18
16
13
13
11
12
15
13
14
40 & 10
1.531
1.361
1.301
1.255
1.204
1.113
1.113
1.041
1.079
1.176
1.113
1.146
x 1 Die)
-0.56
-0.34
-0.36
-0.52
-0.51
0.00
-0.73
+0.48
+0.77
-0.63
+0.41
TABLE 13
Composition LD5 Shift Factor - Temperature Constants
at various Shear Stresses.
Reference Temperature 150°C.)
Shear S9ess	 Shear Rate at °C
t Pa xlO
	
140	 150	 160
15	 51	 83	 130
20	 86	 120	 210
30	 160	 210	 300
40	 215	 230	 420
50	 399	 430	 580
60	 370	 560	 700
70	 430	 680	 820
80	 510	 800	 980
90	 600	 910	 1150
100	 700	 1100	 1300
150	 1000	 1650	 2000
Average
Shift Factor S
140°C 160°C
	
1.62	 0.638
	
1.39	 0.57
	
1.31	 0.70
	
1.48	 0.76
	
1.43	 0.74
	
1.51	 0.80
	
1.58	 0.829
	
1.56	 0.816
	
1.51	 0.791
	
1.57	 0.846
	
1.65	 0.826
	
1.51	 0.755
TABLE 14
Composition 014 Shift Factor - Temperature Constants
at various Shear Rates.
Reference Temperature 116°C
Sheaç Rate
	 Shear Strss
	 at :- °C	 Shift Factors Sf
x10 Pa
105°C.	 116°C.	 133°C	 105°C.	 133°C.
	
51	 81	 21	 8.9	 3.85	 0.42
	
76	 88	 25	 10	 3.52	 0.40
	
102	 94	 26	 12	 3.61	 0.46
	
153	 120	 36	 14	 3.33	 0.38
	
205	 150	 39	 16	 3.84	 0.41
	
300	 200	 48	 18	 4.16	 0.37
	
400	 240	 60	 19	 4.00	 0.31
	
500	 289	 72	 21	 3.88	 0.29
	
600	 300	 85	 24	 3.52	 0.28
	
700	 320	 100	 28	 3.20	 0.28
	
800	 340	 120	 32	 2.83	 0.26
	
900	 350	 140	 38	 2.50	 0.27
	
1000	 360	 175	 41	 2.05	 0.23
Average	 3.40	 0.33
TABLE 15
Composition 016 Shift Factor - Temperature Constants
at various Shear Stresses.
Reference temperature 146°C.)
Shear Stress	 Shear Rate at:-°C
(Pa x10)	 135	 146	 150
7.6	 100	 300	 850
9	 300	 400 1025
10	 333	 500	 1200
15	 510 1025 1800
20	 630	 1400	 2200
25	 760 1700 3000
Average
Shift Factor Sf
135°C.	 150°C.
3.00	 0.35
1.33	 0.39
1.51	 0.41
2.00	 0.56
2.20	 0.63
2.20	 0.56
2.04	 0.48
TABLE 16
Composition 018A Shift Factor - Temperature Constants
at various Shear Stresses.
Reference tnperature 106°C)
	
Shear Stress Shear Rate( ) at :- °C.	 Shift Factor 12O°c.
t(Pa) x1O	 92	 96	 106	 120	 92°C.	 96°C.
	
5	 85	 120	 180	 260	 2.11	 1.50	 0.69
	
6	 105	 150	 210	 320	 2.00	 1.40	 0.65
	
8	 170	 240	 310	 500	 1.82	 1.29	 0.62
	
10	 210	 290	 440	 690	 2.09	 1.51	 0.63
	
15	 400	 500	 650	 1100	 1.62	 1.70	 0.59
	
20	 580	 670	 900	 1400	 1.55	 1.34	 0.64
	
30	 800	 1000	 1300	 2000	 1.62	 1.31	 0.65
	
40	 1000	 1200	 1600	 2800	 1.60	 1.33
	
Average	 1.80	 1.37	 0.63
TABLE 17
Activation Energies and Flow Constants of Various Compositions.
Composition	 Frequency	 Activation
Reference	 Factor (B)
	
Energy ( KJ/mol
L05	 5.42 x iO
	
56.1
014	 3.72 x io2	 104.5
018A	 5.44 x 10
	
48.3
016	 2.35 x io 20	 139.1
____ TABLE 18 -
Shear and Temperature Dependence of Viscosity
of Composition LD5.
Shear
Rate t
S-1
51
384
769
1281
Apparent Viscosity Pa. s
140°C	 log r	 160°c	 log r
382	 2.582	 256	 2.408
176	 2.245	 104	 2.017
162	 2.209	 90	 1.954
162	 2.209	 80	 1.903
log r	 Shear Sensitivity
tT
Pa.s °C-1
i	 140°C.	 160°C.
-8.7
-11.7
-12.7
-16.7
	
2.24	 3.20
_____ TABLE 19
Shear and Temperature Dependence of Viscosity
of Composition 014.
Shear	 Apparent Viscosity Pa. s 	 log r	 Shear Sensitivity
Rate I	 T	 t 51 / 9 1025105°C	 log r
	
133°C	 log	 Pa.s o151	 x 10	 105°C.	 133°C.
51
	
1639
	
3.214	 190
	
2.278	 -33.4
205
	
774
	
2.882	 88
	
1.944	 -33.5
512
	
543
	
2.734	 46
	
1.662	 -38. 2
1025	 339
	
2.530	 39
	
1.591	 -33.5
	
4.83	 4.87
TkBLE 20
Shear and Temperature Dependence of Viscosity
of Composition 016.
ShearS
Rate 3
S1
Apparent Viscosity Pa. s
135°C	 log r	 150°C	 log r
1og r	 Shear Sensitivity
j , T	 i51/i769
Pa.s °C-1
10	 135°C. 150°C.
51
	
154	 2.187	 23.9	 1.378	 -53.3
205
	
37	 1.568	 8.4	 0.924	 -42.9
769
	
33	 1.518	 8.1	 0.908	 -40.6	 4.66	 2.95
ThBLE 21
Shear and Temperature Dependence of Viscosity of
Composition 018A.
Shear
Rate
Si
apparent Viscosity Pa.s
106°C.	 log q 120°C.	 log q
z log rt	 Shear Sensitivity.
r5i/r769
Pa.s
x 10 -	 106°C. 120°C.
	
91
	
39
	
1.591
	
34
	
1.531	 -4.28
	
273
	
23
	
1.361
	
20
	
1.301	 -4.28
	
683
	
22
	
1.342
	
13
	
1.113	 -16.3
	
1366
	
20
	
1.301
	
12
	
1.079	 -15.8
	
1.95	 2.83
TABLE 22 (a)
Effects of Various Moulding Parameters on the spiral flow length
of Composition 018A.
Melt temperature 125°C, Mould temperature 31°C.
Pressre	 Sample	 Flow	 Average Corruients
MN/rn	 Ref.	 Length cm.	 cm.
13.79	 1	 16.7
2	 14
3	 14.2	 15.6	 None.
4	 16.3
5	 17
5.15	 1	 15.3
2	 16
3	 14	 15.3	 None.
4	 16.3
5	 15.1
TABLE 22 (b)
Melt temperature 125°C, Mould temperature 41°C.
	
15.86	 1	 26
2	 25
3	 24	 25.25	 None.
4	 26
	
13.79	 1	 20.2
2	 26
3	 22.5	 23.2	 None.
4	 20
5	 25.2
6	 25.8
	
10.34	 1	 21.2
2	 19
3	 21.8
4	 18.8	 20.6	 None.
5	 23.5
6	 19.5
	
6.89	 1	 21.3
2	 21
3	 23.8	 21.5	 None.
4	 22.0
5	 19.5
	
3.44	 1	 12.8
2	 9.5
3	 7.8	 10.5	 None
4	 10.8
5	 11.8
continued over.
	cont.	 TABLE 22 (c)
Melt temperature 125°C, Mould Temperature 46°C.
	
13.79	 1	 28.3
2	 24.3
3	 30.5	 27.35	 Material tends
4	 27	 to stick to
5	 25.5	 the wall of the
6	 28.5	 spiral channel.
	
6.89	 1	 30
2	 27.5
3	 29	 28.74	 ditto.
4	 28.2
5	 29
	
5.17	 1	 29.8
2	 27.8
3	 27.4	 27.8	 ditto.
4	 28.2
5	 26.2
	
3.44	 1	 24.8
2	 24.8	 Spiral removed
3	 26.6	 25.5	 without
4	 25	 sticking.
5	 26.5
TABLE 22 (d)
Melt temperature 125°C, Mould Temperature 61°C.
	
13.79	 1	 31.7	 Spiral moulding
2	 32.3	 tends to stick
3	 28.5	 31.0	 to mould
4	 32.3	 cavity walls.
5	 30.4
	
5.17	 1	 33.0
2	 33.6
3	 34.2
4	 29.2	 31.9	 ditto.
5	 29.8
Melt
Temperature
OC.
116
TABLE 23
Effect of irelt temperature on the spiral flow length
of Composition 018A.
Mould Temperature 51°C, injection pressure 6.89 MN/ m2
125
134
151
Sample
Ref.
1
2
3
4
5
1
2
3
4
5
1
2
3
4
1
2
3
4
Flow
Length
cm.
21.8
21.3
19
20.5
21.8
30
TI .5
29.0
28.2
29.0
36.8
35.5
32.3
34.2
49.5
48.2
46.9
44.5
Average
Length
cm.
20.8
28.7
34.7
47.3
Comments
Spiral moulding
sticking to
cavity walls.
ditto.
ditto.
ditto.
TABLE 24
Effects of mould temperature and injection
pressure on the spiral flow length of Composition 014.
Melt temperature 145°C.
Mould	 Injection Sample	 Flow	 Average Comments
Temperature Pressur 	 Ref.	 Length Length
°C.	 MN/ m	 c.	 c.
35	 4.13	 1	 12.8
2	 11.6
3	 8.0	 10.1	 none.
4	 10.2
5	 8.3
6.89	 1	 10.0
2	 9.2	 10.2	 none.
3	 11.4
10.3	 1	 8.6
2	 10.0	 9.5	 none.
3	 10.0
15.8	 1	 10.0
2	 10.0	 10.0	 none
49	 4.13	 1	 14.8
2	 16.0	 15.4	 none.
3	 15.7
4	 15.1
6.89	 1	 15.2
2	 14.3	 14.7	 none.
3	 13.4
4	 16.2
10.3	 1	 16.2
2	 15.4	 15.8	 none.
3	 16.0
4	 15.6
15.8	 1	 15.0
2	 13.9
3	 13.2	 14.1	 none.
4	 14.2
58	 4.13.	 1	 17.1	 Moulding
2	 18.2	 17.5	 sticking to
3	 17.6	 spiral wall.
17.2
Note. The surface finish of spiral mouldings produced at mould
temperatures of 49°C and 58°C were smooth whereas those
produced at 35°C had the appearance of weldlines.
TABLE 25
Effects of melt temperature and injection pressure on the
spiral flow length of Composition 014.
Mould Temperature 49°C.
	
Melt	 Injection	 Sample Flow	 Average
Temperature Pressur 	 Ref.	 Length	 Length
	
°C.	 MN/ m	 cm.	 cm.
137	 4.8	 1	 4.4
2	 4.9	 4.6
3	 4.9
4	 4.4
6.8	 1	 5.4
2	 7.0
3	 6.1	 6.2
4	 6.4
10.3	 1	 7.1
2	 7.1	 6.8
3	 6.4
15.1	 1	 9.8
2	 7.3
3	 8.0	 8.3
4	 8.3
5	 8.1
160	 4.8	 1	 9.8
2	 10.9
3	 10.9	 10.3
4	 9.8
6.89	 1	 10.5
2	 14.1
3	 10.5	 12.0
4	 14.3
5	 11.0
10.3	 1	 15.6
2	 15.6	 15.9
3	 15.7
4	 16.7
15.1	 1	 17.4
2	 16.0
3	 16.4	 16.1
4	 14.8
171	 4.8	 1	 9.6
2	 10.2	 9.9
3	 10.0
4	 9.8
6.89	 1	 9.8
2	 12.5
3	 10.0	 10.4
4	 10.3
5	 9.8
15.1	 1	 11.0
2	 12.1	 12.5
3	 14.5
TABLE 26
Effects of mould temperature and injection pressure on the spiral
flow length of Composition LD5.
Melt temperature 156°C.
Mould	 Injection Sample Flow	 Average	 Comments
Temperature Pressur 	 Ref. Length Length
°C.	 MN/ m	 cm.	 cm.
20	 15.1	 1	 12.0	 n.a.	 Rough surface
finish.
72	 15.1	 1	 19.3	 n.a.	 Mouldings stick
to cavity wall.
68	 15.1	 1	 16.8
2	 15.2
3	 14.2	 15.4	 No problems.
4	 15.4
68	 10.3	 1	 15.6	 n.a.	 No problems.
70	 10.3	 1	 15.0	 Mouldings stick
2	 15.2	 15.1	 to cavity wall.
74	 10.3	 1	 17.5	 ditto.
2	 16.3	 16.9
70	 6.8	 1	 15.9	 ditto.
2	 15.9	 15.9
70	 4.1	 1	 15.0	 14.8	 ditto.
2	 14.6
Density g/crn3
Moulding	 Average
TABLE 27
Weight and Density of Slender Bar Mouldings Produced
From Composition D8
Moulding Conditions:- Melt temperature; 115°C.
Mould temperature; 20°C.
Injection Rate; l.8x10-5m3/sec
Injection + Hold 25 sec. Cool 30 sec.
Injection
Pressue
MN/ m
4.8
6.8
8.2
10.3
13.7
Sample
Reference
D8 :-
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
Weight
gns
4.97
5.06
5.01
5.00
5.11
5.08
4.90
5.02
4.81
4.94
5.06
5.03
5.13
5.07
5.02
5.01
5.00
5.06
5.07
5.04
7.804
7.740
7.680
7.706
7.805
7.702
7.753
7.721
7.741
7.778
n.d.
7.751
7.862
7.802
7.732
7 . 653
7.693
7.790
n.d.
7.748
7.732
§ 0.0046
7.753
0.051
7.746
• 0.028
7.754
0.070
Cu
I-i
a)
r
a)
Cl)
4-1
0
0
-H
0.1)
-l-)U)
00
I0
U)L)
U)
0
4-1
a)
-ua)
0
-c
4J01
c
oro
-H .-I
-H
Cu
>1
-I-)
-H
U)
a)
coN
E-i
a)
oc c
c
• H -H 0 -ii
cu (uc a)
0i
%_ _lJ
4-I-H
U)
.ca)
UU)
rJq4
G)0
'u >
-I-)	 )
-H
OU)Cu
- c
cua)
4-1
0
>iG)
4-)00
-H Ci)
U) -H
Ci)
0
U)
$-i
11-1W
Co O>i
U) -I
U)
a) cw
0
c 00
Ci)	 -H
4	
-W
a)	 E-i
4-1
a)
a)
a)
r-1	 -H
0
U)
Q
N
N	 O Co
cu	 i-	 'O	 ID
c	 N	 ('P)
10 N ID N
r)	 It)	 N
Cu	 Co u) a)
1.0 r- c— N
N ID	 r- ID
a) If)
Co	
-1 Q a)
r- cc' co r- r-
'-0 a)	 Co
Co Co ID
'-I
'-I
CU	
..Q	 0	 O
U
U
El
El
r
LJ
8. 9542
0.012
8.9459
0.010
1+
2+
3+
4
5
6
7
Mouldings adhere to cavity.
Surface of mouldings have
unknitted appearance
Mouldings adhere to cavity.
Many mouldings fracture
during ejection.
8.9665
8.9419
8.9542
8. 9295
8. 9560
8.9479
8. 9361
TABLE 29
Effect of Moulding Parameters on the Density of Impact Bar
Mouldings Produced from Composition 04.
Moulding Conditions:- Injection Pressure 13.7 MN/ m2
Inject + Hold 10 sec. Cool 30 sec
Volumetric Injection rate, 1.8 E-5 m3/sec.
(a) Melt temperature 175°C., Mould temperature 40°C.
Moulding	 Density g/cin3
Reference Sample	 Average	 Comments
(b) Melt temperature 155°C., Mould temperature 23°C.
8	 8.9578
9	 8.9504	 8.9560	 Mouldings release easily
10	 8.9535	 0.004	 but many found to be
11	 8.9577	 cracked in cavity - due
12	 8.9607	 to protruding ejector pins.
13+	 8.9567
14+	 8.9631	 8.9713	 1
15+	 8.9932	 0.015
16+	 8.9722
c) Melt temperature 165°C. Mould temperature 23°C.
17+	 8.8999
	
Many mouldings
18+	 8.9369
	 8.9149	 fractured.
19+	 8.8990
	 0.018
20+	 8.9240
21	 8.9978
22	 8.9965
	 8.9931
23	 8.9855
	
0.005
24	 8.9927
d) Melt temp. 145°C. Mould temp. 30°C, Injection Pressure 15.8 MN/rn2
25+	 8.990
26+	 8.990
27+	 9.004	 8.990	 Good moulding - no cracks.
28+	 8.985	 0.008
29+	 8.982
30	 8.935
31	 8.996	 8.957
32	 8.968	 0.051
33	 8.959
e) Injection Pressure 12.4 MN/ in2
34	 8.916
35	 8.834	 8.903
36	 8.907	 0.051
37	 8.957
Rough surface at
extreme end of
mouldings.
+ Indicates injection rate of 5.1 x10 6 3 /sec. used.
TABLE 30
Longitudinal Density Variation in
Impact Bar Mouldings Produced from Composition 04.
Moulding Section Density Average
Reference Numbers	 Density
g/cm3	g/cnr'
10
	
1	 8.736
2	 8.744
3	 8.767	 8.798
4	 8.885
5	 8.864	 0.057
6	 8.842
7	 8.754
20
	
1+2	 8.9183	 8.8999
3,4,5	 8.8959	 0.016
6+7	 8.8855
22
	
1+2	 8.9567	 8.0369
6+7	 8.9172
24
	
1+2	 8.9453	 8.9240
6+7	 8.9028
28
	
1+2	 8.9136	 8.9108
3,4,5	 8.908	 0.003
6+7	 8.8756
36
	
2	 8.836
3	 8.651	 8.662
5	 8.764	 0.l56
6	 8.378
7	 8.861
Comments
Voids of
	 0.5 mm
observed on the
surfaces of sections
5,6 and 7.
No visible defects on
fractured surfaces.
n	 ii
N
I,
Voids observed on the
fractured surfaces
of sections;
2, 6 and 7.
Relative position of
sections:-	 gate 1 2 3 4 5 6 7
-
TABLE 31
Weights and Densities of Slender Test Bar
Mouldings Produced from Composition 014
Moulding Conditions:- Injection Rate; 1.8 E-5 rn3/sec
Times; Inject + hold 20 sec,	 Cool 10 sec.
Injection pressure; 6.8 MN/ m2
Melt temperature 145°C
Moulding	 Mould	 Weight Section	 Average
Reference Temp. °C
	
gms	 Densiy	 DensitX
g/cm	 g/cm-
1
	
60 *
60*
3
	 55*
4
	 55*
5
	
55
6
	
55
7
	
55
8
	
55
9
	
50
10
	
50
11
	
50
12
	
50 *
13
	
50 *
14
	
50 *
15
	
60+
16
	
60+
17
	
60+
5. 357s
5.63s
5. 92s
5.72s
5.97s
5.96s
5.90s
5.94s
5.89
5.86
5.87
5.94
5.87
5.94
5.88s
5.84s
5.87s
9. 09 5w
9.070w
9. 004w
9. 030w
9.05 5g
9. 075w
9.040w
9.062w
9.012g
9.078g 9.033e
9. 046w
9.049w
9.035e
9. 10 6m
9. 076w
9.053g
9.369w
9.082
9.017
9.052
0.0144
9.042
60.037
9.063
ô 0.037
9.166
5 0.176
* Injection hold 30 sec 	 s = moulding sticks to cavity wall.
+ 135°C Melt temperature 	 w = whole sample.
e = end of sample.
g = gate end of sample.
m = mid-portion of sample.
9.602
9.592
9.594
9.596
9.699
9.655
9.676
9.665
9.677
9.703
9.714
9.740
9.662
9.624
9.644
9.684
9.765
9.663
9.721
9.680
9.551
9.719
9.596
0.004
9.679
0.018
Density g/cm3
Bar	 Average
Corrments
Good
Mouldings
TI	 II
Mouldings
	
9.676	 are a tight
fit in the
	
0.048	 cavity
until cool.
9.705
II	 Ii
0.037
TABLE 32
Weights and Densities of Slender Bar Mouldings Produced from
Brabender mixed composition 018.
Moulding Conditions :- Injection Rate; 1.8 E-5 m3/sec
Inject + hold 20 sec, cool 40 sec
Melt Temperature; 125°c.
Mould Temperature; 46°C.
Moulding	 Injection Moulding
Reference Pressre
	 Weight
(018)	 MN/ in	 gin
1	 4.1	 6.17
2	 6.21
3	 6.23
4	 6.22
5	 6.8	 6.34
6	 6.31
7	 6.36
8	 6.28
9	 6.27
10	 6.33
11	 10.3	 6.33
12	 6.39
13	 6.31
14	 6.33
15	 6.23
16	 13.7	 6.23
17	 6.32
18	 6.25
19	 6.32
20	 6.33
21	 6.18
22	 6.31
TABLE 33.
Effects of Moulding Parameters on the Densities of Slender
Bar Mouldings Produced From Composition 018A.
Moulding Conditions:- Temperatures; Melt 125°C, Mould 50°C.
Injection Rate; 1.8 E-5 m3/sec.
Inject + hold 15 sec, Cool 40sec.
Platen Pressure 15.1 MN/ m2.
Moulding Injection	 Density g/cm3
Pressure _________________________
Reference MN/ m
	 Moulding	 Average
1	 4.1	 9.539
2	 9.518
3	 9.532	 9.529
4	 9.531
5	 9.536	 0.007
6	 9.529
7	 6.8	 9.529
8	 9.546
9	 9.574
10	 9.532	 9.538
11	 9.530
12	 9.520	 0.0193
13	 8.2	 9•533
14	 9*454
15	 9.529
16	 9.514	 9.474
17	 9.430
18	 9.428	 0.045
19	 9.433
20	 9.472
21*	 10.3	 9.442
22*	 9.476	 9.485
23*	 9.537	 0.048
24	 8.2	 9.512
25	 9.464	 9.474
26	 9.466
27	 9.454	 0.0258
Melt Temperature 146°C
28	 13.7
29
	
8.2
30
	
4.1
31
32
33
34
35
n.d	 Mouldings tightly packed in
cavity and crack at mid-length.
n.d	 ditto.
9.540
9.486
9.519
	
9.536	 9.522
9.540
	
9.516	 0.020
Good
Mouldings.
+ Denotes injection rate of 4.02 E-6 ina'sec.
*	 '	 platen pressure of 8.2 MN/
TABLE 34
Cross-sectional Density Variation through Slender Ear
Mouldings produced from Brabender Mixed Composition 018.
Sample Reference 018, 16 ( 13.7 MN! rn2
Profile Thickness Density Calculated
of removed	 of	 Density of
Layer	 pie9	 Laye
(rTm)	 g/cm	 g!crn
Full	 n.a.	 9.680	 n.a.
a	 0.43	 9.700	 9.413
b	 0.58	 9.710	 9.611
c	 0.42	 9.707	 9.735
d	 0.41	 9.678	 9.929
% change Maximum
from base Variance
Density	 in
section %
-0.206
0.309
	
5.1
0.27
-0.02
____	
a 1	 I	 I
	 IcJ
Relative Sections.
TABLE 35
Longitudinal Density Variation Slender Bar Mouldings
produced from the Brabender mixed Comsition 018.
Sample Injection	 Section Density g/'crn3	Maximum %
Pressue Full
	 Deviation
MN/ m	 Bar	 a	 b	 c	 d	 from base.
018,3	 4.1	 9.594 9.700 9.702 9.654 9.639
	
1.1
018,6	 6.8	 9.655 9.594 10.175 9.666 9.695
	 5.3
018,15	 10.3	 9.644 9.659 9.735 9.735 9.695
	
0.9
018,18	 13.7	 9.765 9.708 9.728 9.728 9.763
	
0.15
Relative position of
sections:-	 gate	 a	 b	 c	 d
TABLE 36
Effect of Moulding Parameters on the
Densities of Slender Bar Mouldings Produced from Composition 016.
Moulding Conditions:- Injection Rate 1.8 E-5 m3/sec.
Temperature; Melt 165°C, Mould as stated.
Times; Inject + hold 20 sec. Cool 20 sec.
a) Mould temperature 46°C
Moulding Injection	 Section Density g/cm3	Comments.
Reference Pressue	 gate remote whole Average
(016)	 MN/ m'	 end	 end	 bar
4.8 10.208 10.186
10.241 10.260
10.229 10.210
10. 192
6.8
	
10.225 10.183
10. 185
10.3
10.154 10.164
b) Mould temperature 24°c.
Press9e	 Section
Ref.	 MN/ in	 g.end	 mid.
al	 12.4	 10.221
bi	 10.3	 10.213
ci	 8.3	 10.112
10.217
0.024
10. 217
10.198
10. 188
10.186
	
10.188	 0.005
	
10.200	 Mouldings
	
10.199	 are a tight
	
10.174	 fit in the
	
10.163	 mould
	
10.168	 0.019	 cavity.
9.782
	
10.023	 9.902
end
Mouldings tightly
packed in the
cavity and fracture
during ejection.
1
3
4
5
6
7
8
9
10
11
12
13
14
15
16 *
17*
di	 4.8	 10.114 10.038 9.961	 Mouldings easily
d2	 10.417	 released.
eli-	 4.8	 10.171 10.183
	 Mouldings easily
e2+	 10.492	 released.
* Denotes melt temperature change to 174°C
+ 'I	 injection hold period reduced to 10 sec.
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TABLE 38
Weights and Densities of Slender Bar Mouldings produced from
Composition LD5.
Moulding Condition:- Injection Rate; 1.8 E-5 rn3/sec
Times:	 Inject + hold 10 sec, Cool 20 sec
Temperatures: Melt 156°C. Mould 71°C.
Reference Injection Weight Density Average
Pressre	 Densit
MN/ in	 gil's	 g/crn3	 g/cm
	
015,1	 4.8	 5.74	 9.08
	
015,2	 5.76	 9.075	 9.078
	
015,3	 5.78	 9.081
	
015,4	 6.8	 5.94	 9.056
	
015,5	 5.70	 9.036	 9.049
	
015,6	 5.82	 9.057
	
015,7	 10.3	 5.76	 9.095
	
015,8	 5.76	 9.091	 9.087
	
015,9	 5.57	 9.076
	
015,10	 13.7	 5.84	 9.034
	
015,11	 5.77	 9.062	 9.065
	
015,12	 5.77	 9.101
TABLE 39
Weights and Densities of 1La1f Impact Bar Mouldings
produced from Composition LD5.
Moulding Conditions:- Injection Rate; 1.8 E-5 rn3/sec.
Times; Inject + Hold lOsec, Cool 20 sec
Temperatures: Melt 159°C. Mould 60°C
Reference Injection Weight Densiy Average
Pressure	 gins	 g/cin	 Density
	
MN/ in2	g/crn3
015,a3	 4.8	 17.937	 9.059
015,a4	 18.014	 9.061
015,a5	 17.694	 9.092	 9.070
015,a6	 6.8	 17.930	 9.078
015,a7	 16.406	 9.042
015,a8	 17.238	 9.058	 9.059
015,a9	 10.3	 18.169	 9.052
015,alO	 18.468	 9.061
015,all	 18.522	 9.052	 9.055
015,a12	 15.8	 18.794	 9.074
015,a13	 17.311	 9.058	 9.066
	
Average	 9.062	 0.006
% theoretical (9.346g/Cm 3 ) 96.96%
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TABLE 41
Surrirry of Observations Made of Fractured Surfaces
of Mouldings Produced from Various Compositions.
Composition Moulding	 N.miber of	 Defects Observed
Surfaces
Reference Reference	 Viewed
D8	 D8,7	 2
	
D8,19	 5
04
	
20
	
4
	
22
	
2
	
28
	
4
	
24
	
2
	
10
	
12
	
36
	
10
016
	
1
	
2
	
2
	
2
	
4	 2
	
5
	
2
	
7
	
2
	
15
	
2
0 18A
	
6
	
6
	
13
	
4
	
16
	
4
	
17
	
4
	30
	
8
LIDS	 a3	 2
a4 end.	 2
Non visible
I,	 ft
ditto.
Ii
'I
ft
Voids on four surfaces.
Voids on six surfaces.
Fissures observed
in all surfaces.
One Void observed
No Defects visible.
ft
ft
'I
Fissure in one surface.
Void in one surface
40°C.
sec.
TABLE 42
Weights and Densities of Spherical Mouldings Produced
Using Mould Gate Arrangement MOD1.
Moulding Conditions ;- Temperatures; Melt 162°C, Mould
Injection Rate; 1.8 E-5 m3/sec.
Times; Inject+hold 15 sec. Cool 40
Pressures; Injection 13.7 MN/ m2,
Platen	 15.1 MN/ m2
lou1 ding
Reference
MOD1 .1
2
3
4
5
6
7
8
9
10
11
12
weight
(gms
0. 6339
0.6322
0.6335
0.6305
0.6365
0. 6350
0.6297
0.6348
0.6363
0. 6254
0. 6363
0. 6370
Densiy
9.461
n.d.
n.d.
n.d.
9.461
9.512
9.494
9.487
9.485
n.d.
9.464
n.d.
Averages: 0.6334
	 9.480
std. dev. 0.003
	 0.019
TABLE 43
Weights and Densities of Spherical Mouldings Produced
Using Mould Gate Arrangement MOD2.
Moulding Conditions ;- Temperatures; Melt 162°C, Mould 40°C.
Injection Rate; 1.8 E-5 rn3/sec.
Times; Inject+hold 15 sec. Co1 40 sec.
Pressures; Platen 15.1 MN! m
Moulding	 Injection	 Weight	 Density
Reference Pressue	 (gELs)
	 (g/cnr)
MN/ m	 Sample Average Sample Average
4.1
6.8
in ,
_1_I. ..)
15.8
13.7
MOD2.1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29*
30*
31*
32*
33*
0. 6173
0.6163
	
0.6148	 0.6156
	
0.6138	 0.001
0. 6168
0. 6148
0. 6232
0.6243
	
0.6234	 0.6213
0.6176
0.6190 §0.002
0.6206
0.6209
0. 6272
	
0.6242	 0.6241
0. 6221
0.6246 §0.002
0. 6261
0. 6226
0. 6250
0.6267
0. 6266
	
0.6244	 0.6245
0. 6246
0. 6246
	
0.6174	 0.002
0. 6274
0. 6266
0. 6305
	
0.6314	 0.6292
0. 6264
0.6285 50.001
0. 6293
9.638
10.237
9.531
9.194
9.289
9.579
10.183
9.724
9.817
9.429
9.350
10.157
9.723
9.924
9.662
9.858
9.836
9.767
9.534
9.765
9.641
9.744
9.680
9.683
9.961
10.053
9.742
10.188
9.424
9.381
9.405
9.394
9.434
9.577
D 0.366
9.776
5 0.351
9.795
50.095
9.799
'50.203
9.407
50.021
* Denotes melt temperature altered to 143°C.
TABLE 44
Weights and Densities of Spherical Mouldings Produced
Using Mould Gate Arrangement MOD3.
Moulding Conditions ;- Temperatures; Mould 40°C.
Injection Rate; 1.8 E-5 rn3/sec.
Times; Inject+hold 15 sec. CQo1 40 sec.
Pressures; Platen 15.1 MN/ rn
Injection 13.7 MN! m2
Moulding	 Melt
Reference Temperature
OC
MOD3. 1
	
126
2
3
4
5
6
7
8
	
143
9
10
11
12
13
14
15
16
	
162
17
18
19
20
21
22
23*	 143
24*
25 *
26*
27 *
28*
29 *
30*
31*
Weight
(gins)
Sample Average
0. 6092
0.6106
0.6126
	
0.6157	 0.6117
0.6131
	
0.6108	 0.002
0. 6101
6.113
0.6213
0. 6284
	
0.6221	 0.6207
0. 6224
0. 6196
	
0.6204	 0.004
0. 6201
0. 6152
0. 6178
	
0.6213	 0.6178
0. 6177
0. 6170
	
0.6151	 0.002
0. 6205
0.6231
0. 6158
0. 6188
	
0.6198	 0.6224
0.6237
0. 6250
	
0.6248	 0.003
0. 6248
0. 6262
Dens i5ty
(g/cm)
Sample Average
9.286
9.195
9.352
	
9.371	 9.308
9.360
	
9.325	 0.062
9.272
9.332
9.328
9.282
	
9.368	 9.338
9.317
9.345
	
9.343	 0.033
9.395
9.378
9.432
	
10.076	 9.467
9.401
9.334
	
9.333	 0.271
9.316
9.327
9.260
9.319
	
9.292	 9.351
9.322
9.328
	
9.325	 0.059
9.325
9.459
* Denotes mould temperature altered to 50°C.
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a)
Mould
Moulding
Reference
Xl
X2
X3
X4
X5
X6
Y2
Y3
Y4
Y5
Y6
Y7
Conditions:- Temperatures; melt 163°C, 9uld 50°C.
Pressures; platen 15.1 MNm-
Times; inject + hold 15 eec, cool 40 sec.
Injection	 Weight	 Density g/cm3
Pressue	 ate
MNm-	 m /sec.	 gms.	 Moulding	 Average.
10.3	 1.8E-5	 21.2947	 9.535
U	 U	 21.3474	 9.547
U	 21.3125	 9.559	 9.558
21.4847	 9.571	 0.018
U	 u	 21.4157	 9.580
•	 2.8E-7	 n.d.	 n.d.
9.7E-7	 21.1918	 9.604
U	 l.9E-6	 21.4006	 9.606
U	 1.9E-6	 21.4246	 9.570
4.1	 20.9212	 9.568	 9.559
U	 U	 20.9322	 9.568
U	 U	 20.9337	 9.542	 0 0.015
U	 3.OE-6	 20.7147	 9.449
Comments.
Slight weld lines visible
on the surface of mouldings and
a circumferential crack directly
above gate location.
Short shot produced.
Circumferential	 crack
directly above gate location.
U
U
U
20. 8205
20.8712
21.2960
21.3445
21.2345
21.1987
21.4409
9.496
9.529
9.547
9.545
9.532
9.530
9.609
9.577
5 0.045
20. 8387
20.6801
21.4268
21.4326
21. 2933
21. 2071
21. 2343
21.4694
21. 7231
21. 6563
9.524
9.579
9.649
9.633
9.582
9.560
9.558
9.609
9.645
9.603
	
21.5234	 9.608
	
21.4829	 9.610
	
21.5336	 9.609
	
21.5215	 9.613
	
21.5118	 9.618
No visible defects.
	
9.596	 N
	0.0 	 Slight crack above gate.
No visible defects.
	
9.619	 No visible defects.
'I
	60.0 2	 U
No visible defects.
	
9.611	 U
U
	60.004	 It
U
No visible defects.
	
9.554
	
U
U
U
	O 0.038
	
U
U
U
TABLE 46
Weights and Densities of Percussive Mining Tip Mouldings
Produced	 from Composition	 018A Using an Angled Entry Gate.
YB	 1.8E-6
Y9	 5.1E-6
Zi	 10.3
Z2	 U
Z3	 8.2	 U
Z4	 U
Z5	 U	 U
Melt Temperature 142°C.
Id	 4.1	 5.1E-6
L2	 U	 U
Ti	 8.2	 5.1E-6
T2	 U	 U
T3	 U
T4	 U	 U
T5	 U	 U
Mi	 13.7	 5.lE-6
N2	 U
N3	 U	 U
Melt Temperature 95°C.
Si	 13.7	 5.1E-6
S2	 U
S3	 U
S4	 U
S5	 U
Slight weld line visible and
circumferential crack.
Circumferential crack above
gate location.
Slight circumferential
crack above gate location.
U
U
U
No visible defects.
U
Ci	 8.2	 5.lE-6
C2	 U
C3	 U
C4	 U	 U
C5	 U	 U
C6	 U	 U
51.	 4.1	 U
B2	 U
21. 3319
21. 3481
21.2062
21. 0912
20.9371
21.0305
21.1234
21. 0551
9.588
9.594
9.571
9.557
9.500
9.516
9.593
9.603
TABLE 47
Effects of Temperature and Sample Mass on the Volatilisation
Behaviour of Composition 018A.
Heating rate 1°C/nun, 25% N 2 - H2 atmosphere).
Volatilisation Rate mg/mm x 1O3
0.86656	 0.58856	 0.37886Sample Mass (gins):-
mperature •C
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
520
540
560
10
11
11
16
18
18
22
27
35
41
61
57
60
66
90
170
145
200
210
230
210
180
150
175
130
100
90
90
95
90
100
80
45
20
9
7
10
14
17
17
20
20
20
30
40
50
30
45
75
75
90
120
150
150
95
120
95
70
65
55
70
55
50
50
50
20
20
10
7
7
7
13
12
11
17
22
18
24
24
27
34
38
43
59
74
96
112
105
55
55
45
37
25
35
35
35
25
55
32
23
6
2
0
10
34
76
76
124
236
448
736
988
1184
932
648
628
596
328
88
88
95
151
208
236
259
285
309
335
368
385
411
434
459
473
497
523
548
573
599
5
10
15
17.5
20
22.5
25
27.5
30
32.5
35
37.5
40
42.5
45
47.5
50
52.5
55
0
0.009
0.039
0.074
0.108
0.164
0.253
0.455
0.788
1.235
1.771
2.193
2.486
2.770
3.039
3.188
3.220
3.260
3.304
0
0.05
0.22
0.41
0.60
0.91
1.40
2.52
4.36
6.83
9.79
12.12
13.74
15.31
16.80
17.62
17.80
18.02
18.28
TABLE 48
Thermogravimetric Data Obtained from Composition 018A at a
Heating Rate of 10°C/mm.
Conditions:- Sample mass = 0.55266 gins
Atmosphere; 25% N2 - H2 50cc/nan.
Time	 Temperature	 Weight Loss
	 Li mg /mn.
Cumulative Sample	 x10
(mm. )
	 (mg)	 %
TABLE 49
Thermogravimetric Data Obtained from Composition 018A at a
Heating Rate of 5°C/mm.
Conditions:- Sample mass = 0.55011 gms
Atmosphere; 25% N2 - H2 50cc/mm.
Time	 Temperature	 Weight Loss	 mg /in.
Cumulative Sample	 x10
(mm. )
	
°C	 (mg)	 %
118
147
160
175
187
216
242
255
268
285
294
303
323
339
347
359
372
384
398
410
425
437
449
464
476
489
503
516
542
564
15
20
22.5
25
27.5
32.5
37.5
40
42.5
45
47.5
50
52.5
55
57.5
60
62.5
65
67.5
70
72.5
75
77.5
80
82.5
85
87.5
90
95
100
0
0.1
0.16
0.24
0.32
0.55
0.87
1.05
1.20
1.50
1.80
2.30
2.90
3.90
5.30
6.70
7.90
8.80
9.60
10. 70
11.65
13.15
14.44
15.90
17. 40
17.90
18.02
18.10
18.30
18.75
0
0.018
0.029
0.043
0.058
0.099
0.158
0.190
0.218
0.272
0.327
0.418
0.527
0.708
0.963
1.217
1.436
1.599
1.745
1.954
2.117
2.390
2.62
2.89
3.16
3.25
3.27
3.29
3.32
3.408
0
20
60
32
32
46
64
72
60
120
120
200
240
400
560
560
480
360
320
440
380
600
516
544
600
200
48
32
40
90
TABLE 50
Thermograviznetric Data Obtained from Composition 018A at a
Heating Rate of 3°C/mm.
Conditions:- Sample mass = 0.54120 gins
Atmosphere; 25% N2 - H2 50cc/mm.
Time	 Temperature	 Weight Loss
	
L mg /mn.
Cumulative Sample	 x10
(mm. )
	
(mg)
128
142
157
174
187
203
223
238
253
261
269
275
284
292
300
308
316
323
331
339
347
355
363
370
377
385
392
401
409
417
424
431
439
448
456
463
470
477
484
500
530
560
0
10
10
20
20
26
68
36
60
60
48
64
76
126
136
200
208
280
352
400
368
324
292
236
256
264
236
200
240
220
256
288
296
324
316
340
200
40
60
54
43
40
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
75
77.5
80
82.5
85
87.5
90
92.5
95
97.5
100
102.5
105
107.5
110
112.5
115
117.5
120
122.5
125
127.5
130
132.5
135
137.5
140
142.5
145
150
160
170
0
0.05
0.10
0.2
0.3
0.43
0.67
0.85
1.15
1.28
1.40
1.56
1.75
2.06
2.40
2.90
3.42
4.12
5.00
6.00
6.92
7.73
8.57
9.16
9.80
10.46
11.05
11.55
12.15
12.70
13.34
14.06
14.80
15.61
16.40
17.25
17.75
17.85
18.00
18.27
18.70
19.10
0
0.009
0.019
0.038
0.058
0.083
0.130
0.165
0.223
0.248
0.272
0.303
0.340
0.400
0.466
0.563
0.665
0.801
0.972
1.166
1.345
1.503
1.666
1.78
1.90
2.03
2.148
2.246
2.362
2.469
2.594
2.734
2.87
3.30
3.189
3.354
3.451
3.471
3.50
3.553
3.636
3.714
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1.9
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48.1
50.1
TABLE 53
Debinding Schedules Developed for Various
Mouldings of Composition 018A
a) Percussive Minin g Tip.
Stage	 Heating	 Temperature Dwell	 Time ( hours )
Rate	 Level	 Period Stage Cumulative
°C/hr.	 °C	 (hours)
b) Slender Bar.
Stage	 Heating	 Temperature Dwell	 Time ( hours )
Rate	 Level	 Period Stage Cumulative
°C/hr.	 °C	 (hours')
1	 60	 200
2	 30	 220
3	 30	 400
4	 60	 530
5	 600	 830
	
0.0	 3.0	 3.0
	
1.5	 2.1	 5.1
	
0.0	 6.0	 11.1
	
0.0	 2.1	 13.2
	
0.0	 0.5	 13.7
C) Spheres.
Stage	 Heating	 Temperature Dwell	 Time ( hours )
Rate	 Level	 Period Stage Cumulative
°C/hr.	 °C	 (hours)
1	 60	 520	 0.0	 8.3	 8.3
2	 600	 830	 0.0	 0.3	 8.6
NOTE Samples allowed to cool by natural thermal radiation and
convection in the furnace.
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Figure 27. Enthalpy trace of a Mobil 2360 microcrystalline
wax. Heating rate 10C/inin.
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a mould cavity with a straight entry gating arrangement.
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Figure 64. Section through a debound precussive mining tip
moulding produced from a cavity with a straight
entry gating arrangement. 	 x 3.0
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Figure 67. Section through a partially debound slender bar moulding
of composition D8 depicting the presence of apparent
circumferential cracks.
	 x 13.0
Figure 68 (a). Polished section through a sintered slender bar
moulding which had been debound in a 100% hydrogen
atmosphere.	 Slightly etched x 10.
Figure 68 (b). Polished section through a sintered slender bar
moulding debound in a 75% Hydrogen - 25% Nitrogen
atmosphere.	 Slightly etched. x 10.
Figure 68 (c). Polished section through a sintered slender bar
moulding debound in a 6% Hydrogen - 94% Nitrogen
atmosphere.	 Slightly etched. x 10.
Figure 68 (d). Polished section through a sintered slender bar
moulding debound in an Argon atmosphere.
Slightly etched. x 10.
Figure 68 (e). Polished section through a sintered slender bar
iroulding debound in a Nitrogen atmosphere.
Slightly etched. x 10.
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Figure 69. Photomicrograph showing the sites of apparent porosity
as depicted in the above Figure 68 (e). Etched x 75.
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Figure 71. Sintered percussive mining tip produced by the
developed injection moulding process. x 4.0
Figure 72. Polished section through a sintered percussive
mining tip.
	 Etched.	 x 3.5
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Figure 73. Moulded spheres.	 ( left ).
Sintered spheres.
	 ( right ).
Figure 74. Polished section through a sintered sphere moulding
produced from the mould cavity arrangement MOD 2,
showing slight moulded in porosity. Etched x 15
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APPENDIX 1.
Fox and Offord Injection Moulding Machine Operating Variables.
The following paranieters apply to the machine fitted with a
barrel of 19.05 mm nominal internal diameter.
Pressure l'1Nm2
Machine dial:- 15.8
	 15.1	 13.7	 12.4	 6.89	 4.13
Actual barrel:- 147.3 141.1 128.6 115.8 64.3
	
38.6
Volumetric Flow.
Machine dial
arbitrary
setting.
1.0
1.3
1.5
2.0
2.5
3.0
4.0
5.0
6.0
7.0
8.0
10.0
Q
C m3 / sec.)
2.82 x107
4.05 x107
5.64 x107
9.77 x107
1.44 x106
1.90 x106
3.01 x106
4.02 x106
5.16 xl06
7.23 x106
9.04 x106
1.80 x105
Apparent shear rate
through 4.60 mm nozzle
orifice.	 C 1 / sec.)
29.5
42.3
59.0
102
150
198
314
420
543
757
946
1893
(5)
.(6)
APPENDIX 2.
Derivation of removed layer density.
Consider the layer of	 t thickness of the bar of mass in shown
in Figure 1;
L t = t - t1.
poflaYer=	 m
t-
let ,p original = o =
t (xy)
• . (1)
(3)
letp new =
	 =
t1
 (xy)
-
hence	
= ,Po - 1Pi =	
t (xy)
= m - m1
(t - tl)(xy)
then from eqn. (3)
	
in0 =	 t(xy)
substituting in eqn.(6),
	 =	 t(xy) - in1
(t t1) (xy)
and from egn. (4)
	 m1 = jD1 t1
 (xy)
substituting in eqn.(7), L ,p = .	 t(xy) -Pi ti(y)
(t - t1) (xy)
thus reducing to;
	 = p_t -
- t1)
(4)
APPE2DIX 3.
Detailed Drawing of the Percussive Mining Tip Mould Cavity.
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APPF1DIX 4.
Particle Size Distributions of Various Melt wicking Substrates,
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